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Abstract

Stargardt-like macular degeneration (STGD3) is an early onset, autosomal dominant macular
degeneration. STGD3 is characterized by a progressive pathology, the loss of central vision,
atrophy of the retinal pigment epithelium, and accumulation of lipofuscin, clinical features that are
also characteristic of age-related macular degeneration. The onset of clinical symptoms in STGD3,
however, is typically observed within the second or third decade of life (i.e., starting in the teenage
years). The clinical profile at any given age among STGD3 patients can be variable suggesting
that, although STGD3 is a single gene defect, other genetic or environmental factors may play a
role in moderating the final disease phenotype. Genetic studies localized the STGD3 disease locus
to a small region on the short arm of human chromosome 6, and application of a positional
candidate gene approach identified protein truncating mutations in the elongation of very long
chain fatty acids-4 gene (ELOVLA4) in patients with this disease. The ELOVLA4 gene encodes a
protein homologous to the ELO group of proteins that participate in fatty acid elongation in yeast.
Pathogenic mutations found in the ELOVL4 gene result in altered trafficking of the protein and
behave with a dominant negative effect. Mice carrying an Elovl4 mutation developed
photoreceptor degeneration and depletion of very long chain fatty acids (VLCFA). ELOVL4
protein participates in the synthesis of fatty acids with chain length longer than 26 carbons.
Studies on ELOVL4 indicate that VLCFA may be necessary for normal function of the retina, and
the defective protein trafficking and/or altered VLCFA elongation underlies the pathology
associated with STGD3. Determining the role of VLCFA in the retina and discerning the
implications of abnormal trafficking of mutant ELOVL4 and depleted VLCFA content in the
pathology of STGD3 will provide valuable insight in understanding the retinal structure, function,
and pathology underlying STGD3 and may lead to a better understanding of the process of
macular disease in general.
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1. Introduction

1.1. Overview of Stargardt-like macular degeneration

Autosomal dominant Stargardt-like macular degeneration, Stargardt disease 3 (STGD3), is
one of many disorders that affect the central region of the retina, the macula. Macular
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dystrophies are the leading cause of visual impairment leading to irreversible blindness in
the developed world (Leibowitz et al., 1980; O'Shea, 1996; Starr et al., 1998; Congdon et al.,
2004). Some of these dystrophies constitute a genetically heterogenous group of disorders
that are inherited in a simple Mendelian fashion and are initially characterized by the
degeneration of the macula leading to a gradual loss of visual acuity. A number of genes
throughout the genome have become associated with simple macular degenerative disease
(MD) as well as age-related macular degeneration (AMD; Fig. 1A). AMD is the leading
cause of blindness in individuals over the age of 60 years and is a complex multifactorial
disease that can involve multiple environmental and genetic factors. The strongest risk
factors of AMD that influence its manifestation are age, family history, and lifestyle such as
diet, smoking, alcohol consumption, and exposure to sunlight (Seddon et al., 1996; 2001,
2003a; 2003b; 2905; Cho et al., 2000; Cho et al., 2001; Evans, 2001; Hyman and Neborsky,
2002; Clemons et al., 2005; Haddad et al., 2006). The likelihood of a genetic component
contributing to AMD pathogenesis is supported by family and twin studies (Meyers, 1994;
Klaver et al., 1998; De Jong et al., 2001). In addition, a number of gene variants associated
with AMD, such as specific complement factor-H and B (CFH and CFB) alleles among
others, have been identified that modify the risk for developing AMD (Edwards et al., 2005;
Haines et al., 2005; Klein et al., 2005; Gold et al., 2006; Yates et al., 2007; Swaroop et al.,
2009). Macular degeneration and AMD can be characterized by drusen, atrophy of the
retinal pigment epithelium (RPE), and choroidal neovascularization. Drusen, the earliest
sign of AMD, is an accumulation of extracellular deposits that contains lipofuscin and other
proteins (Ben-Shabat et al., 2001; Johnson et al., 2001; Penfold et al., 2001; Ben-Shabat et
al., 2002; Barthes et al., 2005; Bressler et al., 2005; Umeda et al., 2005; Crabb et al., 2002;
Sakaguchi et al., 2002). The multifactorial nature and late age of onset of AMD make it
difficult to study and fully understand the disease process. A more general approach to the
understanding of AMD has been to study retinal degenerative diseases with simple modes of
inheritance that share characteristic clinical features with the more complex AMD state. The
rationale in this approach is that if AMD and MD share clinical features, then the underlying
cellular processes that define the phenotype must be functionally related. In support of this
approach we found that a meta-analysis of 30 genes known to underlie MD conditions and/
or represent AMD-associated genes (Fig. 1) generated a single macular degeneration—
associated functional interactome (Fig. 2), suggesting that many genes involved in MD and
associated with AMD are functionally related. Here we review the understanding of one
disorder, STGD3, examine the function of the gene (ELOVLA4) that underlies it, and reflect
on its relevance with respect to AMD.

1.2. Clinical studies of STGD3

Stargardt-like macular degeneration (STGD3), as its name implies, has a clinical profile that
is very similar to Stargardt macular degeneration (STGD1). STGDL1 is the most frequent
juvenile macular dystrophy and is characterized by progressive loss of central vision,
starting within the first few decades of life, atrophy of the macula, degeneration of the
underlying RPE, and frequent presence of prominent yellow flecks in the retina (Stargardt,
1909; Blacharski, 1988; Kaplan et al., 1990). The yellow flecks represent an accumulation
of fluorescent lipofuscin deposits in the RPE (Stargardt, 1909; Hadden and Gass, 1976;
Noble and Carr, 1979; Eagle et al., 1980; Lopez et al., 1990). These clinical features of
STGDL1 are consistent in STGD3 as well as AMD (YYoung, 1987). STGD1 can be
distinguished from other macular degenerations by its autosomal recessive pattern of
inheritance, minimal color vision abnormality, and normal electrophysiology. Moreover, a
hallmark feature of STGD1 that differentiates it from most other macular dystrophies is the
presentation of a dark choroid during a fluorescein angiography examination. A dark
choroid occurs because STGD1 patients express an abnormal material at the level of the
RPE that masks detection of the fluorescein that has been introduced into the choroidal
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circulation. Clinical features of STGD3 include progressive loss of central vision starting as
early as the second decade of life, but onset of the disease can vary between the second and
fifth decade of life. Affected STGD3 individuals can have variable visual acuities ranging
from 20/50 to 20/200 (or worse); part, typical STGD3 patients experience visual acuities
less than 20/200 at older ages with minimal to no color vision defects and no significant
changes in electroretinogram (ERG) (Donoso and Martens, 2001). This is not an absolute
STGD3 clinical phenotype, and the disease has a wide degree of variability.

The fundus defects are progressive and can be marked by atrophic macular changes with
(Fig. 3D) or without flecks (Fig. 3A-C). Historically, STGD3 was first observed in a four-
generation pedigree of a family reported by Klien and Krill (1967). STGD3 typically does
not present with a dark choroid, a hallmark feature in patients with STGD1. A second family
with 99 members, expressing an apparently dominant form of macular dystrophy with
fundus flecks was reported by Cibis et al. (1980). The ERGs were reported to be normal in
all the affected members of the family. Fifty percent of the affected members in this family
showed normal color vision and some patients had flecks. Additional families with
autosomal dominant Stargardt-like disease were subsequently reported (Donoso et al.,
2001b;Lopez et al., 1990;Mansour, 1992; Aaberg, 1986).

1.3. Human genetic studies of STGD3

A summary of the genetic studies performed to define and map the STGD3 locus in the
human genome is presented in Figure 4. Stone et al. (1994) performed a genetic linkage
study in a large family with autosomal dominant Stargardt-like macular dystrophy that had
clinical features consistent with the above STGD3 phenotype with known genetic markers
and the disease locus in question. The logic of a linkage study is straightforward—if an
unmapped locus is found to be linked to a genetic marker with a known map location then
the unmapped locus must also be in the vicinity of the marker with the known location.
Total LOD scores (the end metric of a linkage study) that are 3 or greater indicate that the
two genetic loci or markers being tested are genetically linked at the genetic distance
considered (theta value). LOD scores that fall to a value of —2 or lower lead to the
conclusion that the two loci or markers being tested are not linked. Linkage analysis of the
STGD3 family excluded the STGD1 locus and mapped the disease locus to chromosome 6
(Stone et al., 1994). Multipoint analysis resulted in a peak LOD score of 6.2 in the interval
between markers D6S313 and D6S252 (Fig. 4). Subsequently, a common founder haplotype
between D6S430 to D6S300 was found in two independently ascertained STGD3 pedigrees
(Edwards et al., 1999). Linkage studies on various branches of the pedigree confirmed
mapping of the STGD3 locus to chromosome 6 (Edwards et al., 2001).

In contrast to the families reported previously (Stone et al., 1994; Edwards et al., 1999;
Donoso et al., 2001a; Donoso et al., 2001b), affected members in a large multigeneration
Canadian family presented with a later age of disease onset, with symptoms usually
appearing in the fourth or fifth decade of life. Fundus examinations of affected members
showed a variety of progressive abnormalities from RPE defects to pattern dystrophy to an
atrophic macular region surrounded by flecks (Lagali et al., 2000; Fig. 3). Visual acuity and
color discrimination in affected patients displayed progressive deterioration with increasing
age. Fluorescein angiography revealed the absence of a dark choroid. Photopic and scotopic
ERG appeared normal in the majority of affected members tested. One patient did, however,
present with an abnormal ERG indicative of a cone and rod dysfunction. The clinical
presentation in this family, with the exception of the age of onset, was similar to STGD3.
Linkage analysis of 27 members of this family with known chromosome 6 markers
demonstrated a significant LOD score of 5.50 at a theta value of 0 with D6S300. Haplotype
analysis of all available family members indicated that the disease locus was within a
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minimum critical region flanked by D6S271 and D6S1716, which overlaps the general
region previously implicated (Stone et al., 1994).

A family with autosomal dominant macular dystrophy, characterized by progressive retinal
pigment epithelial atrophy in the macula with flecks but without apparent peripheral
changes, has been reported (Griesinger et al., 2000). Loss of visual acuity progressed with
age, with higher levels of visual loss in older affected individuals. Rod and cone function
were normal in all individuals tested up to the age of 61 years. Color vision in all but one of
these patients was normal. A dark choroid was not reported in any of the affected members.
The clinical phenotype in this family was noted to be similar to STGD3, but with a highly
variable severity. The disease gene in this family was mapped to chromosome 6q to a 1.8
cM interval overlapping the STGD3 interval. Levels for the acceptance of formal linkage
were obtained for D6S445, D6S1634, D6S1609, D6S1595, D6S1601, and D6S1644
(Griesinger et al., 2000). The critical region for STGD3 was minimized to a 0.6 to 0.3 cM
region between markers D6S460 and D6S391 by combining the results from multiple
studies (Griesinger et al., 2000; Lagali et al., 2000; Zhang et al., 2001). Further genetic
analysis established a minimal critical region for STGD3 between D6S460 and D6S1707
(Edwards et al., 2001; Fig. 4). Two important observations can be made on the large number
of independent STGD3 family studies. First, the localization of the disease locus for STGD3
to chromosome 6 has been confirmed a number of times. Second, there exists a widely
variable clinical phenotype between affected individuals from different families and even
between affected individuals in the same family.

1.4 Analysis of STGD3 candidate gene

With the STGD3 minimal critical region being less than 1 cM, a positional candidate gene
approach was taken, which led to the identification of a 5-bp deletion in exon 6 (790-794
del AACTT) of the ELOVL4 (elongation of very long chain fatty acids) gene that
cosegregated with the disease (Zhang et al., 2001). The deletion results in a frameshift
mutation that leads to an inappropriate stop codon, loss of the C-terminal 51 amino acids,
and aberrant sequence from amino acid 264 to 271 (Fig. 5). This mutation was subsequently
confirmed in a large extended pedigree (Edwards et al., 2001).

In an independent Utah family with a STGD3-like phenotype, a complex mutation of two 1-
bp deletions separated by four nucleotides (789AT+794AT) in the ELOVL4 gene was
detected in all affected members of the family and was absent from all unaffected
individuals screened (Bernstein et al., 2001). The mutation results in a frameshift and leads
to the truncation of the ELOVLA4 protein with an aberrant sequence for the last nine amino
acids, similar to the effect of the 5-bp deletion mutation. In an unrelated European family
with STGD3 phenotype, a point mutation (C-to-G change) at nucleotide 810 (810C—G) in
exon 6 of the ELOVL4 gene was observed (Maugeri et al., 2004). The mutation results in a
substitution of a stop codon for tyrosine 270 (Y270X) and leads to a truncated protein that is
missing the last 45 amino acids. The discovery of three different mutations (Fig. 5) in the
ELOVLA4 gene segregating with a STGD3 phenotype confirmed the role of ELOVLA in
autosomal dominant macular dystrophies.

2. Molecular and Cellular Analysis of STGD3-Causing Gene, ELOVL4
2.1. Molecular analysis of ELOLV4

Human ELOVLA4 is a 32.7-kb gene with six exons. ELOVL4 encodes a putative protein of
314 amino acids with approximately 35% sequence homology to the GNS1/SURF4 family
of elongases, which are involved in fatty acid (FA) chain elongation in yeast (Oh et al.,
1997; Zhang et al., 2001). The yeast ELO genes encode components of the membrane-bound
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FA elongation system. Human ELOVLA4 shares all three characteristic features typical for
members of the ELO family: five putative transmembrane segments, a single dioxy iron
binding motif (HXXHH), and a carboxy terminal dilysine motif for the retention of the
transmembrane protein in endoplasmic reticulum (ER), which is a known site for FA chain
synthesis. In the case of all three STGD3 disease—causing alleles, the observed mutations
resulted in a loss of the genetic information for the dilysine motif required for ER retention
of the protein product. Characteristic features of the ELOVL4 gene and its expression are
summarized in Table 1. These studies verify that ELOVLA4 is an evolutionary conserved gene
that is expressed in rod and cone photoreceptor cells of the retina. Although ELOVLA4 is
expressed in the retina, ELOVL4 expression is not retina specific (Fig. 6). Aside from the
retina, high levels of ELOVL4 mRNA are also expressed in skin, brain, and testis (Mandal
et al., 2004). Recently studies on pancreatic ductal adenocar-cinoma demonstrated that 68%
of ELOVL4 undergoes methylation and the differ-entially methylated ELOVLA4 could be
used as a marker for pancreatic ductal adenocar-cinoma (Omura et al., 2008).

2.2. Cellular characterization of STGD3 candidate gene, ELOVL4

Immunofluorescence analysis of COS-7 cells or HEK 293 cells transfected with a green
fluorescent protein (GFP) tagged or wild type (Wt) ELOVLA4 construct revealed a
predominant localization of the ELOVLA4 protein to the endoplasmic reticulum (ER). In
contrast cellular transfection with constructs representing any of the three known STGD3
mutant ELOVL4 alleles resulted in mislocalization of the mutant protein to a juxtanuclear
region (Ambasudhan et al., 2004; Karan et al., 2004b). This was later verified to be
mislocalization of mutant ELOVL4 into aggresomes (Grayson and Molday, 2005; Karan et
al., 2005bh; Vasireddy et al., 2005). ELOVL4 protein with a direct deletion or substitution of
the dilysine motif that defines the ER retention signal also resulted in the loss of ER
localization (Ambasudhan et al., 2004; Karan et al., 2005b). The results imply the biological
significance of the ELOVL4 ER retention signal. The ER localization of Wt ELOVL4
would be essential for it to participate in the elongation of FA, since the ER is the site of FA
biosynthesis and elongation (Cinti et al., 1992). With respect to the STGD3-causing 5-bp
ELOVL4 deletion mutant, it was observed that transfection of HEK 293 cells with this
ELOVL4 mutant construct resulted in a significantly higher level of apoptosis compared
with HEK 293 cells transfected with the vector alone or a Wt ELOVL4 construct (Karan et
al., 2004a). Moreover, transfection of cells with the mutant construct correlated with a
cellular induction of biological markers that define the unfolded protein response (UPR)
mechanism. The key steps for proper maturation and function of proteins depend on the
folding of the nascent polypeptide chains and post-transcriptional modifications in the ER. If
the influx of unfolded or mutant protein that cannot be folded properly exceeds the capacity
of the ER resident protein-folding machinery, the normal physiology of the ER is disturbed
and the UPR is activated (Pahl, 1999; Kopito and Ron, 2000; Harding et al., 2002).
Neurodegenerative diseases, such as Alzheimer disease, Parkinson disease, and retinitis
pigmentosa, belong to a group of protein misconformation disorders that are associated with
accumulation of abnormal protein aggregates in cells (Saliba et al., 2002; Ross and Poirier,
2004). The pathogenesis of these diseases is mediated by a defect in protein folding, a
saturated proteosome, activation of the UPR, and progression to active cell death. Despite
progress on establishing the role of UPR and ER stress in STGD3, our knowledge of the
mechanism underlying the aggregation of mutant ELOVL4 and the associated cell death
remains incomplete. Further studies promise to expand our understanding of how ER stress
impacts the cellular signaling pathways that define the STGD3 disease condition.

2.3. Dominant negative effect exerted by mutant ELOVL4 protein

Given that STGD3 is inherited as an autosomal dominant trait, additional cell-based studies
were pursued to examine the mechanism that defines the dominant nature of the disease.
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COS-7 cells in culture were simultaneously transfected with both Wt and mutant ELOVL4
constructs and the co-expressed recombinant proteins were subjected to the same subcellular
localization studies as described under section 2.2 (Fig. 7). These studies led to the
conclusion that the mutant ELOVL4 protein physically interacts with Wt ELOVL4 and that
this complex mislocalizes to form perinuclear aggregates (Grayson and Molday, 2005;Karan
et al., 2005b;Vasireddy et al., 2005). Formation of Wt/mutant ELOVL4 aggresomes is
evident by the reorganization of the major cytoskeletal elements, vimentin, and
colocalization of ELOVLA4 aggregates with y-tubulin, a marker of the microtubule
organization center (Johnston et al., 1998). Furthermore, all known ELOVL4 mutations
inhibited the localization of Wt ELOVL4 to the ER and resulted in formation of juxtanuclear
aggresomes. These data suggest that the STGD3-causing ELOVL4 mutations act in a
dominant negative manner and cell death may be induced by the formation of aggresomes.

3. Mouse Models of Human STGD3

The effectiveness of a specific gene mutation to cause disease is often evaluated in an
animal model. Progress in genetic engineering has led to an increase in the generation of
genetically modified animals. The mouse is one of the more popular choices to evaluate
whether the incorporation of a specific disease gene results in a disease phenotype. If a
specific gene is important to tissue function then the ablation of this gene or incorporation of
a defective version of the gene in question should result in a defect in that tissue. The
advantages of using a mouse model include the facts that the mouse genome has a 90%
overall similarity to the human genome, the lifespan of a mouse is relatively short (about 2
years), and mice are inexpensive to maintain. A common criticism of a mouse model system
with respect to human macular degeneration is that the mouse retina does not have a macula.
However, there is a growing acknowledgment that human macular disease affects the entire
retina and not just the macular region, and there have been a number of successes in
showing that incorporation of known human macular disease genes or mutations into mice
result in retinal disease (Weng et al., 1999; Mears et al., 2001; Ambati et al., 2003;
Marmorstein and Marmorstein, 2007).

STGD3 is an autosomal dominant disease in humans. Typically dominant gene mutations
can cause a disease phenotype through haploinsufficiency or a dominant negative effect.
Haploinsufficiency occurs when a single functional copy of a normal gene does not produce
enough protein to establish the Wt condition. In case of a dominant negative effect the
altered mutant gene product may affect the Wt product, resulting in a decrease in the amount
of functional gene product. To determine the mechanism underlying STGD3, five
recombinant mouse models that carry an Elovl4 allele that either expresses a mutant Elovl4
gene product or no Elovl4 at all have been made and evaluated for retinal phenotypes (Table
2). These five mouse models can be divided into three groups: 1) knock-out mouse models
generated with an Elovl4 gene deletion; 2) transgenic mouse models generated with an
Elovl4 gene

3.1. Retinal phenotype in heterozygous Elovl4 knock-out mouse models

Two Elovl4 knock-out mouse models (KO1 and KO2) have been generated by a targeted
deletion of Elovl4 in exon 2 in order to determine if haploinsufficency is responsible for a
disease phenotype (Raz-Prag et al., 2006; Li et al., 2007a). The result of the targeted
deletion within exon 2 of Elovl4 is the production of an Elovl4 allele that does not lead to
the expression of ELOVL4 protein. In both models only minor differences were detected in
the retinal morphology and ultrastructure of heterozygous knockout animals when compared
to Wt control mice, suggesting that haploinsufficiency is not the molecular mechanism
underlying STGD3.
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3.2. Retinal phenotype in ELOVL4 transgenic mouse model

A number of mouse models for STGD3 using either gene addition or gene substitution
methods have been engineered to test if a dominant negative effect might underlie the
STGD3 disease phenotype. Three different transgenic animal lines (transgenic line 1, 2, and
3[TG1, TG2, and TG3]) were generated by integration of copies of the human ELOVL4 5-
bp deletion mutant transgene driven by a photoreceptor-specific promoter, IRBP, into the
mouse genome (Karan et al., 2005a). The three different transgenic lines vary with respect to
the expression level of the human ELOVLA4 transgene. Mice from all three transgenic lines
developed a progressive retinal degeneration. The severity of degeneration of photoreceptors
was proportional to the expression levels of the mutant ELOVL4 transgene. In addition,
lipofuscin accumulation was observed. In this model, addition of the human defective
ELOVL4 gene into a mouse genetic background resulted in retinal degeneration.

3.3. Retinal phenotype in heterozygous ELOVL4 5-bp deletion knock-in mouse models

In two independently generated knock-in mouse models, the 5-bp deletion that defines a
human STGD3 mutation was introduced into a single copy of the mouse Elovl4 homolog by
homologous recombination (Vasireddy et al., 2006; McMahon et al., 2007b). In the model
reported by McMahon et al. (2007b) the 5-bp deletion and two additional point mutations
downstream of the 5-bp deletion were introduced into a copy of the mouse homolog of
ELOVLA4 so that the sequence in this region was identical to the DNA sequence of the
human STGD3 allele. This model will be referred as the KI+2 mouse line here (Table 2).
The mouse model with the introduction of just the 5-bp deletion will be referred to as the Kl
mutant (Vasireddy et al., 2006).

The heterozygous KI mouse developed progressive cone photoreceptor degeneration and
significant morphological changes between ages 2 and 18 months. Accumulation of
lipofuscin in RPE was detected as early as 2 months of age, and subretinal deposits were
observed at later ages. The ERGs of 8-month-old heterozygous STGD3 (+/—) mice were
slightly higher than the ERG response of age-matched control mice, whereas the ERGs of
these animals at 15 and 24 months were similar to Wt littermate controls. In contrast, 8-
month-old heterozygous Kl+2 animals did not demonstrate significant photoreceptor cell
degeneration at the ages examined in the study, but did show accumulation of lipofuscin and
reduced visual function. ERG response of 8-month-old heterozygous KI+2 mice showed a
reduced light adapted response. In both models (KI and KlI+2), features of human STGD3
were reproduced, although total correlation to the human STGD3 phenotype was not
realized. A direct comparison of the KI mouse with the KI1+2 mouse is somewhat
controversial because the same retinal phenotype was not obtained even though essentially
the same 5-bp deletion STGD3-causing mutation was introduced into each model system.
Accumulation of lipofuscin and altered ERG amplitudes observed in KI+2 animals were
similar to the retinal changes observed in ELOVL4 transgenic animals. The phenotype of the
KI mouse best resembles the clinical features reported in STGD3 patients (Table 3). The
STGD3 KI mice showed a mild phenotype, with progressive loss of cones, normal ERG,
accumulation of subretinal debris, and late onset retinal degeneration. Phenotypic variation
was, however, evident between individual KI mice. Taking the data in whole, we can
conclude that the introduction of the known 5-bp STGD3 disease allele results in a dominant
negative effect of the mutated allele on the retinal phenotype in Elovl4 mouse models.
Besides these two 5-bp deletion knock-in mouse models, there is a third model generated by
the introduction of Y270X deletion mutation. The retinal phenotype of the Y270X model,
however, has not been reported.
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3.4. Phenotype of homozygous Elovl4 mutant mice

Mice homozygous for an Elovl4 knock-out allele, STGD3-causing 5-bp deletion Elovl4
knock-in allele, or the Elovl4 Y270X deletion knock-in allele were found to die within a few
hours after birth (Fig. 8) (Cameron et al., 2007;L.i et al., 2007b;McMahon et al.,
2007a;Vasireddy et al., 2007). Developmental analysis of Elovl4 knock-out, 5-bp deletion
knock-in, or Y270X knock-in pups revealed abnormalities in skin and skin development.
Since the identification of the first STGD3 mutation, it has been assumed that ELOVL4
plays a role in FA and lipid metabolism because of its sequence similarities to known FA
elongase enzymes. With respect to skin, lipids are key components of the epidermis. Of the
different types of lipids, ceramides play an important role in maintaining the water retention
property of the epidermal permeability barrier. A decrease in total ceramide content and
alterations in the ceramide profile is noted in most skin disorders that have a diminished
barrier function (Motta et al., 1994;Bouwstra et al., 2001;Pilgram et al., 2001;Proksch et al.,
2008;Uchida and Holleran, 2008).

Analysis of the skin lipid profiles of homozygous Elovl4 knock-out or mutant Elovi4 5-bp
deletion knock-in mice demonstrated that w-O-acyl ceramides, its precursors m-O-glucosyl
ceramides, and FA with a chain length longer than 28 carbons (C>28) were depleted. In
contrast to the levels of C>28 FA, there was an increase in the content of FA with chain
length C>26 (Fig. 8). Therefore, C>26 FA could be serving as the substrate for ELOVLA4.
The lack of functional ELOVL4 might affect synthesis of C>26 FA and this could be
leading to the neonatal lethality observed in the mice.

4. Role of ELOVL4 in Fatty acid Metabolism

The synthesis of FA from acetyl CoA and malonyl CoA is carried out by an enzyme called
fatty acid synthase (FAS); steps in FA metabolism pertinent to the current discussion is
provided in Figure 9 (Wakil, 1989). All the reactions catalyzed by FAS are carried out by
the multi-enzyme complex of FAS. The primary FA synthesized by the FAS complex is
palmitic acid, which has 16 carbon atoms. Elongation and unsaturation of the FA occur in
both mitochondria and the ER membrane. These long chain FA and the FA obtained from
the diet are further converted to very long chain fatty acids (VLCFA). Of the known FA of
the retina, docosahexaenoic acid (DHA, 22:6n3) is the most abundant long chain FA
(Anderson et al., 1974;Jeffrey et al., 2001). The majority of vertebrate retinal 22:6n3 is
concentrated in the phosphatidyl ethanolamine and phosphatidyl serine fractions of the
phospholipid pools of rod photoreceptor outer segments. Based on the expression of
ELOVLA4 in the photoreceptors of the retina, where 22:6n3 was predominant, it was initially
proposed that ELOVL4 might be involved in the synthesis of retinal 22:6n3 (Zhang et al.,
2001).

Assessment of red blood cell membrane lipids of individuals from the Utah family affected
by a 2 bp deletion in the ELOVL4 gene (789AT+794AT) revealed a significant inverse
relationship between the severity of the retinal phenotype and the 22:6n3 levels of red blood
cells (Hubbard et al., 2006). Affected individuals with severe phenotype had average 22:6n3
and eicosapentaenoicacid (EPA, 20:5n3) levels while affected individuals with mild to
moderate phenotypes had high 22:6n3 and 20:5n3 level. These results suggested that
supplementation of 22:6n3 might help in slowing the progression of STGD3 (Hubbard et al.,
2006). Improvement in the visual function of a patient with the STGD3-causing ELOVL4 5-
bp deletion mutation undergoing 22:6n3 supplementation further supported the potential
beneficial role of this FA supplementation for STGD3 patients (MacDonald et al., 2004).
However, our studies on the FA profile of retinal tissue from both knock-in and knock-out
mouse models for STGD3 revealed no alteration in the levels of 22:6n3, ruling out a role for
ELOVLA4 in 22:6n3 synthesis (Raz-Prag et al., 2006; Vasireddy et al., 2008). Several studies
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that demonstrate the involvement of ELOVL4 in elongation of VLCFA (C>26) and
metabolism of C32—-C36 acyl phosphotidyl cholines further support that ELOVL4 may not
be involved in 22:6n3 synthesis (Fig. 9) (Li et al., 2007b; McMahon et al., 2007a; Vasireddy
et al., 2007; McMahon et al., 2007b; McMahon and Kedzierski, 2009).

Recent studies using rat cardiomyocytes and ARPE-19 cells transduced with adenovirus
carrying ELOVL4 and supplemented with various FA substrates like lignoceric acid (24:0),
20:5n3/docosapentaenoic acid (DPA, 22:5n3) further established that ELOVL4 catalyzes the
steps involved in the elongation of 24:0 to 28:0 and 20:5n3/22:5n3 to a series of C28-C30
polyunsaturated fatty acids (PUFA) (Agbaga et al., 2008). ELOVL4 therefore is involved in
FA chain elongation for the biosynthesis of both saturated and unsaturated C26-C28 FA
(Fig. 9). Although the function of VLCFA and phosphatidyl choline in photoreceptors is not
known, their presence in photoreceptors has been reported (Aveldano and Bazan, 1974;
Aveldano and Sprecher, 1987; Aveldano, 1988). The assumption then is that a reduction in
the synthesis of these types of FA might lead to the progressive photoreceptor degeneration
observed in STGD3. The specific role of these VLCFA in the retina is yet to be determined.

5. Future Directions and Conclusions

Considerable progress has been made in understanding the autosomal dominantly inherited
disorder STGD3. Mutations in the ELOVLA4 gene that lead to a truncation and a loss of the
ER retention signal in the protein synthesized underlie the STGD3 disease phenotype. We
know that haploinsufficiency is not the genetic mechanism underlying the degeneration of
photoreceptor cells in STGD3 since heterozygous ELOVL4 knock-out mice do not develop
retinal degeneration (Raz-Prag et al., 2006; Li et al., 2007a). Moreover, presence of a mutant
STGD3-causing Elov4 allele in animal models leads to an abnormal accumulation of
ELOVLA protein in the form of cellular aggresomes, lipofuscin, and subsequent
photoreceptor degeneration. An interesting observation in the transgenic STGD3 animals is
that the disease severity is correlated with increased levels of mutant ELOVL4 gene
expression. This suggests that retinal degeneration in STGD3 is a consequence of the mutant
ELOVLA disease allele. When mutations in the ELOVL4 gene were first identified as the
genetic cause of STGD3, the finding heralded in a new era in macular degeneration research
by bringing to the forefront the concept that FA metabolism is an important cellular process
in the homeostasis of the macula. Because of the high DNA sequence homology of human
ELOVLA4 with the ELO family of elongases that are involved in FA chain elongation in
yeast, it was predicted that it would also function in FA metabolism (Oh et al., 1997; Zhang
et al., 2001). Moreover because 22:6n3 represented the most abundant long chain FA in
photoreceptor cells it was presumed that ELOVL4 was the elongase that led to the synthesis
of 22:6n3. We now know that ELOVL4 does not participate in the 22:6n3 synthesis pathway
but rather participates in the synthesis of other VLCFA in the retina and that decreased
levels of these VLCFA are present in the retinae of heterozygous KI mice that show a retinal
degeneration phenotype (Agbaga et al., 2008; Agbaga et al., 2009).

One aspect of the clinical phenotype of STGD3 that is not addressed by knowing the genetic
lesion is the highly variable clinical profile observed, including age of disease onset.
Although STGD3 has an autosomal dominant mode of inheritance, other cellular parameters
may underlie the variability in the disease phenotype. In retrospect, AMD is similar in that it
is also characterized by a widely variable clinical phenotype, with the exception that the
genetic components contributing to the risk of developing disease in combination with other
factors that underlie the disease are not as well defined. Identification of factors that may
delay the onset or modify the severity of STGD3 will provide valuable clues in developing
therapeutic strategies not only for STGD3 but also for other retinal degenerations.
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Because of the presumed function of ELOVL4, a number of studies were performed to
define the effect of FA intake on the STGD3 condition. A significant inverse relationship
between STGD3 severity and blood levels of 20:5n3, 22:6n3, and dietary fat was reported
(Hubbard et al., 2006). Moreover, in a 22:6n3 supplementation study with a single STGD3
patient from the Canadian STGD3 pedigree who had very minor macular fundus changes,
increased plasma 22:6n3 levels correlated consistently with increased visual acuity
(MacDonald et al., 2004). Since ELOVL4 does not mediate 22:6n3 synthesis (22 carbons in
length) it is a curiosity how elevated blood 22:6n3 levels can mediate a change in the
STGD3 phenotype. One could hypothesize that 22:6n3 might be converted to an alternative
FA form that may substitute for the missing FA subtype depleted in STGD3 or it alters the
cellular environment for a period of time during which the STGD3 mutant consequence is
tolerated. Long chain FA such as 22:6n3 could have an overall effect on the clinical
phenotype at very early stages of the disorder but not be able to overcome the long-term
underlying defect. In the absence of a cure for STGD3, a timely question is how effective
would FA supplementation be, in delaying the progression from a mild to a severe STGD3
phenotype.

Fatty acid (22:6n3) supplementation has also been extended into the treatment of patients
with AMD and the overall results indicate that FA metabolism plays a role in the
development of AMD (Seddon et al., 2001; Seddon et al., 2003b; Conley et al., 2005; Chua
et al., 2006; Chong et al., 2009). Given this precedence it would be interesting to examine if
other factors that have already been associated with the AMD phenotype (light, cigarette
smoke, etc.) might also influence the STGD3 clinical phenotype (Seddon et al., 1996; Cho et
al., 2000; Cho et al., 2001; Evans, 2001; Seddon et al., 2001; Hyman and Neborsky, 2002;
Seddon et al., 2003b; Seddon et al., 2003a; Clemons et al., 2005; Seddon et al., 2005;
Haddad et al., 2006). STGD3 transgenic or disease ELOVL4 allele knock-in mouse lines
could be used as model systems to examine the effects of these parameters to generate a
more severe or mild retina phenotype. Moreover, the STGD3 animal models could be
analyzed by comparative analyses to define additional putative secondary cellular and
functional pathways that may affect the progression of the disease phenotype.

Development of successful treatments for inherited retinal degenerations caused by gene
mutations is always a major challenge and will vary on one's perspective as to the functional
cause of the disease (Fig. 10). A common explanation for the manifestation of age-related
onset disorders is that the disease defect leads to a disruption in a cellular function that
results in the accumulation of a substrate or metabolite that becomes toxic at significant
cellular quantities (cellular stress) and leads to the demise of the cells involved. A current
hypothesis is that the abnormal cellular accumulation of the ELOVL4 protein could alter
normal cellular homeostasis and induce degeneration of photoreceptor cells that express the
ELOVL4 mutant protein by activating the process of apoptosis (Karan et al., 2004a).
ELOVL4 mRNA and protein are expressed in fetal and adult mouse retinal tissues (Mandal
et al., 2004). Data mining of the UniGene database reveals that ELOVL4 mRNA is
expressed in human fetal, neonate, juvenile, and adult tissues. In most cases onset of STGD3
can start as early as in the second decade of life (Stargardt, 1909;Blacharski, 1988;Kaplan et
al., 1990). This means that for a certain period of life the presence of the mutant ELOVL4 in
STGD3 patients is tolerated. If the formation of ELOVL4 aggresomes is the cellular factor
that mitigates cell loss then it is important to determine what cellular processes allow cells
carrying the STGD3-causing mutations to tolerate the cell stress prior to onset of STGD3
clinical phenotypes. Inevitably, cell processes that function to confine the effects of
misfolded proteins or remove these proteins by shuttling them to the proteasome are in play.
Pharmacological agents that can target the mutant ELOVL4 protein for removal or increase
the activity of chaperones that might mediate the same effect might prove useful in
preventing formation of ELOVL4 aggresomes. Moreover a comparison of gene profiles
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between an individual carrying a STGD3-causing mutation but without onset of a clinical
phenotype with one that is showing early signs of the disease could be integral in defining
the changes that mitigate the switch from toleration to susceptibility to the effects of the
mutation. A more fundamental question is, if a switch exists, is it a consistent cell process
switch that plays a role in onset of macular disease in general.

If STGD3 is purely a consequence of an inborn error of lipid metabolism, then
supplementation of the missing FA should remedy the proper function of the retinal
photoreceptors in STGD3 patients. As ELOVL4 is involved in the elongation of very long
chain polyunsaturated fatty acids (VLC-PUFA), studies should aim in supplementing these
FA. VLC-PUFA having carbon chains of C>28 are present at low levels in tissues like testis,
brain, sperm, and retina (Aveldano and Sprecher, 1987; Furland et al., 2007a; Furland et al.,
2007c; Furland et al., 2007b; McMahon and Kedzierski, 2009). The difficulties associated
with the supplementation of these FA include the inability to extract high amounts of these
VLC-PUFA (C>28) from easily available sources and the fact that these FA are difficult to
solubilize in vitro. Subsequently, development of cell systems that can overproduce VLC-
PUFA or methods that can efficiently synthesize these types of FA in vitro could be
pursued. Microorganisms such as marine bacteria and microalgae are a natural source of
VLC-PUFA, and there is a current effort to transfer the VLC-PUFA synthetic pathways
inherent in these species into plants to produce a recombinant source of VLC-PUFA from
oilseeds (Hoffmann et al., 2008).

From a purely molecular genetics perspective, therapeutic strategies for STGD3 aimed at
inhibiting the expression of the mutated ELOVLA4 allele or activating the degeneration of
mutant transcript or protein thereby minimizing its biological effect are desirable. Inhibition
of mutant gene expression can be achieved by a variety of approaches, including antisense,
ribozymes, and, more recently, RNA interference (RNAI) (Hauswirth et al., 2000; LaVail et
al., 2000; Bumcrot et al., 2006; Zimmermann et al., 2006). Allele-specific inhibition of
mutant ELOVL4 gene expression can be considered as one approach for dominant STGD3.
The rationale for this strategy is that the expression of a single Wt ELOVL4 allele is
sufficient for photoreceptor cell function (Raz-Prag et al., 2006; Li et al., 2007a). The
feasibility of this approach is highly dependent on whether or not a specific small interfering
RNA (siRNA construct) can be generated that would specifically target the mutant ELOVL4
allele without affecting the Wt ELOVL4 mRNA. As in all cases, parameters that need to be
considered include the efficiency of siRNA delivery to the macula, the frequency at which
the treatment needs to be repeated, and of course cost.

Molecular genetic studies of STGD3 have had a positive impact on further understanding
the more complex disorder of AMD. Aspects of the STGD3 clinical phenotype are similar to
those observed in AMD and support the notion that STGD3 could be mirrored as a simpler
genetic model for AMD. Genetic studies revealed that @-3 FA intake reduced the risk of
AMD (Seddon et al., 2001; Seddon et al., 2003b; Conley et al., 2005; Chua et al., 2006;
Chong et al., 2009). Our meta-analysis for interacting relationships between known MD
gene loci and genes associated with AMD (Fig. 2) strongly suggest that the genes in
question were functionally related. A number of association studies have also shown a
relationship of some of the genes that underlie monogenic MD disease as associated factors
for an AMD condition. These include associations between AMD and the genes ABCA4 and
ELOVL4 (Allikmets et al., 1997; Conley et al., 2005; Haddad et al., 2006). With respect to
MD disorders, mutations in ABCA4 underlie STGD1, and of course ELOVL4 mutations
underlie STGD3. The controversy of the association of these genes with AMD is that the
specific associations described are not observed in all studies examining independent
cohorts of AMD patients. A more direct examination of the ELOVL4 and ABCA4
interactome specifically suggests that both may be a part of a functional pathway relevant to
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macular disease (MD and AMD) in general (Fig. 11). In total, nine MD- and/or AMD-
associated genes (33% of the genes in the larger interactome analysis) are in this network.
The largest interaction overlap that ELOVL4 has is with the ABCA4 gene. Given the mix of
AMD (ARMD1, ARMD4, and ARMD6) and MD disorders (BCMAD, BEST1, DHRD,
SFDE, STGD1, STGD3) that this network has influence over, it is reasonable to hypothesize
that factors that influence these MD disorders may also influence the listed AMD disorders
and vice versa. Further analysis of STGD3 with respect to its disease mechanism will allow
us to also gain further insight into the complex processes that define AMD as well as other
macular dystrophies.
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Figure 1. Summary of known MD and AMD loci

A) A table summarizing known MD and AMD loci generated from selective data mining of
the Retnet database for the words macula and fundus (http://www.sph.uth.tmc.edu/retnet/).
In some cases different mutations in the same gene define distinct disorders. MOI, mode of
inheritance; AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; MF,
multifactorial.

B) Profile of macular disease genes or related genes in the human genome. Loci summarized
in A are distributed throughout the genome on 18 human chromosomes. There are apparent
hot spot of MD and AMD loci on chromosomes 1 and 6.
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C) Distribution of MD and AMD loci according to mode of inheritance. Approximately 2/3
of the macular disease loci ascertained correspond to disorders inherited as a single gene
defect by means of a standard Mendelian mode of inheritance (AD, AR, XL). One third of
the loci correspond to AMD-related genes governed by a more complex mode of inheritance
(MF).
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Figure 2. MD and AMD interactome

Gene loci underlying MD (Gray) and/or AMD (Green) conditions were submitted to
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Ingenuity (http://www.ingenuity.com/) and String databases (http://string.embl.de/) to define
potential functional interacting pathways. The generation of a single interactome suggests
that the MD/AMD gene loci/gene products considered are functionally related. Ingenuity
incorporated additional gene loci/proteins (yellow) as part of the pathway stemming from

the initial input of the disease genes. Direct interactions are shown in solid lines (for

example, protein to protein binding, phosphorylation, etc.); indirect interactions are shown
in dashed lines (for example, effects through signaling pathways, expression); and undefined

interactions are shown as red lines. Proteins are also functional coded:

Cytokine/growth factor lon channel 1
Chemical/toxicant Peptidase

Enzyme . Transcription regulator
G-protein coupled receptor ' Transmembrane receptor
Group/complex/ other transporter

Growth factor Undefined
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Figure 3. Fundus photographs of two individuals from a large Canadian STGD3 pedigree, an
affected STGD3 male member and his affected nephew. (Photographs taken from Lagali et al.,
2000 and used with permission from the Canadian Journal of Ophthalmology)

Fundus examination reveals a variety of progressive abnormalities, from RPE defects (A,C)
to pattern dystrophy (B) and macular atrophy surrounded by flecks (D). Both individuals
show a consistent progressive loss of visual acuity over time, but the rate at which this
occurs and the degree of changes in the fundus is markedly different between the two
affected individuals

Fundus photograph of the right eye of the STGD3 affected Uncle at age 39 years with a
visual acuity of 20/30 (A) and again at the age of 48 with a visual acuity of 20/80 (B).
Fundus photographs of right eye of the nephew at 21 years of age with a visual acuity of
20/200 (C) and after a reexamination at age 43(D) with a visual acuity of 20/400.
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B) Effect of STGD3 causing mutations on the protein sequence

wild type 245- MIOIMALIAYA | ISFIFLFLNF | /Y TRTYKE] TAMNG||TSANGY.
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Figure 5. Schematic representation of human wild type and different known mutations in
ELOVLA4 gene and their protein products

(A) ELOVLA gene structure. Boxes depict exons and intervening lines depict introns.
ELOVLA4 consists of six exons and five introns and codes for a 3085-nucleotide transcript.
All known STGD3-causing mutations (red lines depicting deletions or nucleotide changes)
fall in exon 6 of the ELOLV4 gene. (B) Effect of STGD3-causing mutations on the protein
sequence. Sequences of wild type and mutant proteins starting at amino acid 245 are shown.
For the mutant ELOVLA4 protein, changes in amino acid sequence as compared to wild type
are indicated in red type. Amino acid regions that are deleted from the sequence are
highlighted in yellow. For all three known STGD3 mutations the end effect is a premature
stop to the protein sequence and a deletion of the endoplasmic reticulum retention signal
(indicated in blue type in the wild type sequence).
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Figure 6. Visual expression profiling based on Unigene data for identified ELOVL4 Expressed
Sequence Tags (ESTs). (http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi? uglist=
Hs.101915)
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Vimentin Vimentin
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Figure 7. Mutant ELOVL4 protein expression results in aggresome formation

An expression construct was created to express the wild type ELOVLA4 allele fused to a green
fluorescent protein marker (EGFP-Wt ELOVL4). A second expression construct was created
to express the STGD3-causing 5-bp deletion ELOVLA4 allele, also fused to a green
fluorescent protein marker (EGFP- 5-bp del-ELOVL4). Cos-7 cells grown on dual chambers
were transfected with EGFP-Wt ELOVL4 or EGFP-mut ELOVL4 using lipofectamine plus
reagent. Post-transfected cells were fixed with methanol and processed for
immunocytochemistry using antibodies specific to vimentin and visualized with Alexa fluor
555 probe-tagged secondary antibody. The Alexa fluor 555 probe fluoresces under a
different wavelength than GFP. Fluorescence images were acquired using appropriate filters
and lasers. GFP is imaged as green fluorescence, vimentin is detected as red fluorescence,
and blue fluorescence results from 4’,6-diarnidino-2-phenylindole (DAPI) staining of the
nucleus. GFP-ELOVLA fluorescence is demonstrated in panels A D, and vimentin
distribution is shown in panels B,E. Panels C,F are the merged image of panels A,B and
D,E. Formation of aggresomes is associated with the reorganization of intermediary filament
protein, vimentin. In Wt-ELOVL4- transfected cells, vimentin was found to be distributed
in a reticulate pattern all over the cells, where as in cells expressing mutant-ELOVL4
protein, distribution of vimentin was found to be altered. Vimentin labeling in these cells
was observed to be relocated to the perinuclear region where mutant ELOVLA4 is
accumulated as an aggregate. Formation of aggresome in mutant ELOVLA4 transfected cells
is visualized by this reorganization of vimentin. Scale bar is 5 uM.
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Figure 8. Phenotype of homozygous ELOVLA4 5-bp deletion knock-in pups (E_mut +/+)

A) Skin phenotype. Comparison of the skin abnormality in E_mut +/+ pups from birtth to 4
h postnatal (compared to wild type) demonstrates a progression towards a scaly, dry,
wrinkled skin phenotype followed by death.

B) At birth, the weight of control and E_mut+/+ pups is not significantly different from the
wild type, but within the first 4 h of birth, the weight of E_mut +/+ pups decreases
drastically. (C,D) Measurements of long chain FA in the epidermal free FA pool (C) and of
the amide linked FA of epidermal ceramide/glucosylceramide. (D) show a similar pattern of
elevated levels of C>26 related FA in E_mut+/+ samples as compared to wild type.
Moreover there is a drastic decrease in levels of C>28 related FA in E_mut+/+ samples as
compared to the wild type. (Modified after Vasireddy et al., 2007)
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Figure 9. Fatty acid elongation in the cells and possible role of ELOVL4 in the elongation of long
chain fatty acid

(Modified after Sprong et al., 2001; Hubbard, 2006; Agbaga et al., 2008; Katz and Minke,
2009; Oda et al., 2009). Enzymatic steps involving ELOVLA4 are indicated (large yellow
rectangle). Both steps are independent of the synthesis of DHA, the most abundant long
chain FA in the retina. DHA is also known as C22:6n3 (“C:22” indicates that the molecule is
22 carbons long; the “:6” indicates that the structure has 6 cis double bonds; and “n3”
indicates that the first double bond is located at the third carbon from the omega end of the
structure). The function of ELOVL4 is to mediate the synthesis of very long chain FA
(VLFA). A select number of polyunsaturated fatty acids (PUFA) that are mentioned in the
text are shown. In general a PUFA is a FA that contains more than one double bond in its
molecular structure. Abbreviations: ACP, acyl carrier protein; C, carbon chain; Co A,
coenzyme A; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA,
eicosapentaenoic acid; FA, fatty acid; FAS, fatty acid synthase; TCA cycle, tricarboxylic
acid cycle; VLCFA, very long chain fatty acids.
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Figure 10. Points of possible therapeutic strategies to treat retinal degeneration in STGD3
patients

Illustrated is a cell expressing ELOVL4 from a heterozygote STGD3-affected patient. The
view is simplified because events are shown for the expression of the wild type (Wt)
ELOVLA4 allele (DNA, mRNA, and protein illustrated in black) separate from the STGD3-
causing ELOVLA4 allele (DNA, mRNA and protein illustrated in blue). In the affected
heterozygous condition the aggresome consists of both mutant and wild type ELOVL4
protein and not just of mutant ELOVLA4 protein as illustrated. Aggresome formation
therefore represents an exodus of both mutant and Wt ELOVL4 out of the ER. The ideal
treatment strategy would be targeted at the functional cause of the cellular dysfunction that
underlies the clinical phenotype. At present the two most likely causes are the depletion of
Wt ELOVLA4 from the ER (and therefore no VLCFA synthesis) or the possible toxic effects
of the aggresomes formed in the cytoplasm (leading to cell death). Putative therapies will
either help promote (green arrow, +) an event that leads to an increased production of the
ELVOL4 end product, VLCFA or inhibit (red arrow, -) functional points that lead to the
negative effects of mutant ELOVL4 allele expression. Strategic points of intervention might
include: 1) Enhanced expression of Wt ELOVL4; 2) VLCFA replacement; 3) removal of
mutant ELOVL4 mRNA; 4) enhanced expression of chaperone expression and targeting of
the mutant ELOVLA4 to the proteosome. Triangles and squares indicate molecular
chaperones.
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Figure 11. A close-up of the ELOVL4/ABCA4 interactome
Where possible the gene symbol is given followed by the OMIM symbol for the disorders
that the gene underlies. The mode of inheritance of the disorder has also been color coded.
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Characteristic features of ELOVL4
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Observation

Method

Reference

At the level of DNA, ELOVLA4 is an evolutionarily
conserved nucleotide sequence

Bioinformatic analysis, Southern Analysis

Zhang et al., 2001; Lagali et al.,
2003

ELOVL4 mRNA is expressed early in development as
well as in the adult animal

gRT-PCR, In situ hybridization

Zhang et al., 2003; Mandal et al.,
2004

ELOVL4 mRNA is expressed in rod and cone
photoreceptor cells of the monkey and mouse retina

In situ hybridization

Zhang et al., 2001

ELOVL4 mRNA is expressed in the retina across
several different species

Northern analysis, qRT-PCR analysis

Edwards et al., 2001; Zhang et al.,
2001; Lagali et al., 2003; Mandal
etal., 2004

ELOVL4 mRNA is retina expressed but not retina
specific Northern analysis

gRT-PCR

Lagali et al., 2003; Mandal et al.,
2004

At the level of the protein sequence, ELOVLA4 is
highly similar across species

Bioinformatic analysis

Zhang et al., 2001; Lagali et al.,
2003

ELOVL4 protein is present as a 37 kDa protein in
mammalian retina (mouse, cow, cat, rat, human)

Western analysis

Lagali et al., 2003

ELOVLA4 protein is present in the inner and outer
segment regions of photoreceptor cells in the retina

Immunohistochemical analysis

Lagali et al., 2003

Within the cell, wild type ELOVLA4 protein localizes
to the endoplasmic reticulum, the site of fatty acid
synthesis

Transfection of cells in culture with an
ELOVL4 tagged construct

Ambasudhan et al., 2004

ELOVLA4 participates in the elongation of VLCFA
(C>26)

Transfection of rat neonatal cardiomyocytes
with Elovl4 and supplemented with 24:0,
20:5n3, or 22:5n3 FA

Agbaga et al., 2008
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