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Abstract Lipids play essential roles in maintaining
cell structure and function by modulating membrane
fluidity and cell signaling. The fatty acid elongase-4
(ELOVL4) protein, expressed in retina, brain, Meibo-
mian glands, skin, testes and sperm, is an essential
enzyme that mediates tissue-specific biosynthesis of
both VLC-PUFA and VLC-saturated fatty acids (VLC-
SFA). These fatty acids play critical roles in maintain-
ing retina and brain function, neuroprotection, skin
permeability barrier maintenance, and sperm func-
tion, among other important cellular processes. Muta-
tions in ELOVL4 that affect biosynthesis of these fatty
acids cause several distinct tissue-specific human dis-
orders that include blindness, age-related cerebellar
atrophy and ataxia, skin disorders, early-childhood
seizures, mental retardation, and mortality, which
underscores the essential roles of ELOVL4 products
for life.However, themechanisms bywhich one tissue
makes VLC-PUFA and another makes VLC-SFA, and
how these fatty acids exert their important functional
roles in each tissue, remain unknown. This review
summarizes research over that last decade that has
contributed toour currentunderstandingof the roleof
ELOVL4 and its products in cellular function. In the
retina, VLC-PUFA and their bioactive “Elovanoids”
are essential for retinal function. In the brain, VLC-
SFA are enriched in synaptic vesicles and mediate
neuronal signaling by determining the rate of neuro-
transmitter release essential for normal neuronal
function. These findings point to ELOVL4 and its
products as being essential for life. Therefore, mu-
tations and/or age-related epigenetic modifications of
fatty acid biosynthetic gene activity that affect VLC-
SFA and VLC-PUFA biosynthesis contribute to age-
related dysfunction of ELOVL4-expressing tissues.
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Evolvingdiscoveryofnovelmutations in theELOngation
of Very Long chain fatty acids-4 (ELOVL4) gene as the cause of
different tissue-specific disorders in humans is providing
novel insights into the roleof lipids inhealth anddisease in
a number of important organs. In 2001, Zhang et al. (1) and
Edwards et al. (2) independently reported a five base pair
deletion (797–801delAACT) in exon 6 of the ELOVL4 gene
locatedonhuman chromosome6q14 as the cause of early-
onset macular degeneration in patients with autosomal
dominant Stargardt-likemaculardystrophy (STGD3).The
deletion results in truncation of the last 51 amino acids,
including an endoplasmic reticulum retention/retrieval
signal located at the C-terminal end of the ELOVL4 pro-
tein (1, 2). The same year, Bernstein et al. (3) reported two
different one base pair deletions separated by four nu-
cleotides (790delT+794delT) within the same region of
exon 6 of ELOVL4. These mutations also result in trunca-
tion of the ELOVL4 protein in a manner similar to the
reported 5 bp deletion (1–3). Three years later, Maugeri
et al. (4) reported a fourth mutation also in exon 6 of
ELOVL4 (c. 810C>G; p Tyr270X) that leads to truncation
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of theELOVL4protein inaEuropean familywith STGD3
pathology.Amajor characteristic of these STGD3-causing
mutations is early-onset loss of central vision andmacular
degeneration akin to age-related macular degeneration
(AMD), characterized by accumulation of high levels of
lipofuscin in the retinal pigment epithelium (RPE), and
macular degeneration (5–11).

These discoveries generated significant interest in
understanding the biological function of the ELOVL4
protein, which shares sequence homology with a group
of yeast fatty acid elongase (ELO) proteins involved in
fatty acid elongation (12–15). A number of laboratories,
includingours, carried out a series of in vitro (16–21) and in
vivo (20, 22–26) experiments aimed at elucidating the
biological function of the ELOVL4 protein and how the
mutations cause blindness in patients with STGD3. Since
the retina contains high levels of PUFA, especially DHA,
which represents approximately 45–50%of retinal outer
segment phospholipids, initial hypotheses suggested that
ELOVL4 may be involved in retinal DHA biosynthesis
(1). However, our exhaustive in vitro studies showed that
ELOVL4 is not involved in the elongation steps required
for DHA biosynthesis (27). In 2008, our laboratory
discovered and unequivocally reported that the wild-
type (WT) ELOVL4 protein is an essential enzyme that
mediates the initial rate-limiting step of the fatty acyl
chain condensation reaction in very long fatty acid
elongation (28).We showed thatWTELOVL4 is involved
in synthesis of both very long chain polyunsaturated
fatty acids (VLC-PUFA) and very long chain saturated
fatty acids (VLC-SFA), which we collectively refer to as
very long chain fatty acids (VLC-FA), in ELOVL4-
expressing tissues (28). We subsequently showed that
STGD3 mutant ELOVL4 lacks both VLC-PUFA and
VLC-SFA biosynthesis and exerts a dominant negative
effect on WT ELOVL4 biosynthetic activity in vitro (29,
30). The results from these in vitro studies are supported
by in vivo studies in which homozygous expression of
mutant ELOVL4 or global deletion of ELOVL4 causes
neonatal lethality in mice (23, 31–33).

Apart from the initial three ELOVL4 mutations that
cause STGD3 (1–4), in the last decade a number of
different ELOVL4mutations that cause different tissue-
specific disorders in humans have been reported
(Table 1). Thesenovel ELOVL4mutations compriseboth
the heterozygous (35–38, 42, 43) and homozygous forms
(40, 41), with the latter leading to even more severe hu-
man disorders characterized by seizures, intellectual
disability, and childhood mortality. Taken together,
these results have clearly established that functional
ELOVL4 and its VLC-FA products are essential for life.

Although this review focuses on STGD3 and ELOVL4
mutation-associated disorders, recessive STGD1 (also
known as fundus flavimaculatus) represents the more
prevalent cases of juvenile-onset Stargardt macular dys-
trophy diseases (44–51). Unlike STGD3 caused by auto-
somal dominant mutations in ELOVL4, STGD1 is caused
by inheritance of recessive mutations in ATP-binding
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cassette, sub-family A, member 4 (ABCA4 or ABCR) (46,
52, 53). ABCA4 is exclusively expressed in retina photore-
ceptor cells and is essential for thevisual cyclebycatalyzing
the translocation of specific phosphatidylethanolamines
from the extracellular/lumenal to the cytoplasmic leaflet
ofmembranes through the hydrolysis of ATP to generate
retinoid substrates (54, 55). The retinoid substrates im-
ported by ABCA4 from the extracellular or intradiscal
(rod) membrane surfaces to the cytoplasmic membrane
surface are reduced to vitamin A by trans-retinol dehy-
drogenase and then transferred to the RPE where it is
converted to 11-cis-retinal in both rod and cone photore-
ceptor cells (56).Owing to its essential function in the visual
cycle,mutations inABCA4are also associatedwith retinitis
pigmentosa-19, cone-rod dystrophy type 3, early-onset se-
vere retinal dystrophy, fundus flavimaculatus, and other
macular degenerative diseases (46, 51, 57–63).

In this review, however, we will focus on ELOVL4
mutations of the last decade and their related pheno-
types and impacts on human health and disease in
ELOVL4-expressing tissues.

DIFFERENT MUTATIONS IN ELOVL4 CAUSE
DIFFERENT TISSUE-SPECIFIC DISORDERS IN

HUMANS
Heterozygous ELOVL4 mutations affecting retinal
structure and function

The initial ELOVL4 mutations (Fig. 1) that cause
blindness in patients with STGD3 were reported in
exon 6 of ELOVL4 (1–4). Although these mutations
lead to a truncated ELOVL4 protein that lacks VLC-FA
biosynthesis, in the last decade Bardak et al. (64) re-
ported two novel genetic base pair substitution muta-
tions (c.814G > C and c.895A > G) in exon 6 as the cause
of STGD3 (64). Donato et al. (34) then reported two
point mutations (c. −236C > and c. −90G > C) (Fig. 1) in
the promoter region of ELOVL4 in a patient with the
retinal phenotypic characteristics of patients with
STGD3. In 2020, a sporadic novel missense in ELOVL4,
c.59A > G (p.N20S) variant, was reported in a Chinese
patient with clinical manifestations similar to those of
STGD1 (61). Of interest, apart from retinal degenera-
tion, there are no reported brain and skin pathologies
in patients with STGD3, as we previously reviewed (42).

The discovery byDonato et al. (34) thatmutations in the
ELOVL4 promoter cause STGD3 suggests that tran-
scriptional regulation of ELOVL4 and its products may
contribute to the quantity and quality of VLC-FA prod-
ucts synthesized by ELOVL4-expressing tissues, especially
the retina, brain, and skin. Compared with the heterozy-
gous mutations within the coding domain of ELOVL4
that cause a truncation or potentially altered protein
structure and function, STGD3 pathology arising from
single nucleotide polymorphisms (SNPs) in the promoter
region of ELOVL4 further suggests that depletion of
retinal VLC-FA due to mutant ELOVL4 activity could be
the cause of retinal and other tissue-specific pathologies.



TABLE 1. Different tissue-specific disorders caused by different ELOVL4 mutations in humans

Genetic Mutations Exon

Genetic
Consequence/

Resultant Protein Inheritance Retinal Pathology Brain Pathology Skin Pathology Reference

797–801 del
AACTT “5 bp
deletion”

6 Premature stop,
truncated protein

Autosomal
dominant

STGD3 None reported None reported (1, 2)

789 del T, 794
del T “2 bp
deletion”

6 Premature stop,
truncated protein

Autosomal
dominant

STGD3 None reported None reported (3)

c.810C > G 6 p.Y270X,
truncation

Autosomal
dominant

STGD3 None reported None reported (4)

c.-90G > C Promoter,
rs62407622

Downregulation of
ELOVL4
expression

Autosomal
dominant

STGD3 None reported None reported (34)

c.-236C > T Promoter,
rs240307

Downregulation of
ELOVL4
expression

Autosomal
dominant

STGD3 None reported None reported (34)

c.504G > C 4 p.L168F Autosomal
dominant

None reported Age-related
cerebellar
atrophy causing
ataxia in patients
with SCA34

Erythrodermia
variabilis, a skin
lesion disorder

(35)

c.736T > G 6 p.W246G Autosomal
dominant

None reported Age-related
cerebellar
atrophy causing
ataxia in patients
with SCA34

None reported in
human, but
present in
homozygous
W246G
knockin rats

(36)

c.539A > C 4 p.G180P Autosomal
dominant

None reported Age-related
cerebellar
atrophy causing
ataxia in patients
with SCA34

Erythrodermia
variabilis, a skin
lesion disorder

(37)

c698C > T 4 p.T233M Autosomal
dominant

None reported Age-related
cerebellar
atrophy causing
ataxia in patients
with SCA34

Erythrodermia
variabilis, a skin
lesion disorder

(38)

c.512T > C 4 p.I171T Autosomal
dominant

Retinitis
pigmentosa

Age-related
cerebellar
atrophy causing
ataxia in patients
with SCA34

None reported (39)

c.689delT 6 p.Ile230Metfs*22,
truncation

Homozygous
recessive

Limited retinal
examination but
no functional
retinal data
reported

Seizures,
intellectual
disability, and
early childhood
mortality

Ichthyosis (40)

c.646C > T 5 p.Arg216X,
truncation

Homozygous
recessive

Limited retinal
examination but
no functional
retinal data
reported

Seizures,
intellectual
disability, and
early childhood
mortality

Ichthyosis (40)

c.78C > G 1 p.Tyr26*,
truncation

Homozygous
recessive

Tortuos vessel in
macular area
with subtle
macular changes

None reported Ichthyosis (41)
Heterozygous ELOVL4 mutations affecting the
brain cause age-related spinocerebellar ataxia with
or without skin disorders

In the last decade, a number of different heterozy-
gous mutations in different exons of the ELOVL4 gene
(Fig. 1) have been reported to cause age-related auto-
somal dominant spinocerebellar ataxia-34 (SCA34) with
or without the skin condition erythrokeratodermia
variabilis (35–39, 43). The first known heterozygous
ELOVL4 mutation to cause SCA34 and EKV was re-
ported in a large French-Canadian family by Cadieux-
V

Dion et al. in 2014 (35). Affected family members carry a
transversion mutation, c.540G > C (p.L168F), in exon 4
of ELOVL4, which segregates with a skin phenotype
consisting of early-onset patches of erythema and hy-
perkeratosis with the ataxia pathology manifesting in
the fourth or fifth decade of life (35). Magnetic reso-
nance imaging (MRI) of the brain of these patients
revealed severe atrophy of the cerebellum and the pons
(35). Some affected individuals showed cerebellar
hypometabolism, as determined by brain fluorodeox-
yglucose positron emission tomography (35).
LC-FA-containing lipids: novel insights from ELOVL4 3



Fig. 1. ELOVL4 (A) and its translated protein (B) showing the location of the various mutations (A-B). All STGD3 causing mutations
(orange) in exon 6 lead to a truncated protein, resulting in the loss of the ER retention motif. The two mutations in the promoter
region of ELOVL4 downregulate ELOVL4 expression based on luciferase activity and cause STGD3. Most of the SCA34 ELOVL4
(black) mutations cluster in the exon 4 region, except for an exon 6 mutation that produces a full-length protein with a single amino
acid substitution. Homozygous mutations (red) produce an even more severe truncation of the protein, with an exon 1 mutation
lacking the catalytic motif and ER retention motif. None of the mutations occur in the active region of ELOVL4, yet the STGD3 5 bp
deletion mutant is enzymatically inactive due to loss of the ER targeting motif.
The following year, another SCA34-causingmutation,
c.736T > G (p.W246G) in exon 6 of ELOVL4 (Fig. 1), was
discovered in a Japanese family who also have selective
degeneration of pontocerebellar tracts (hot cross bun
sign) but did not have EKV like the French-Canadian
patients (36). However, as in the French-Canadian fam-
ily, the affected Japanese family members also showed
age-related progressive ataxia, ocular movement dis-
turbances, dysarthria, pyramidal tract signs, and ponto-
cerebellar atrophy (36). The same year, Bourassa et al. (37)
reported another heterozygous mutation, c.539A > C;
p.G180P in exon 4 of ELOVL4, in aman in his thirties who
developed progressive ataxia disorder starting in his
mid-twenties and whose MRI showed cerebellar and
pontine atrophy (37). Like the French-Canadian patients,
this patient also had erythematous skin lesions on his
forearms and legs during adolescence (37). These reports
were followed by that of Bourque et al. of another novel
heterozygous ELOVL4mutation, c. 698C > T, p T233M in
exon 6 of ELOVL4, that caused both EKV and SCA34 in
an English-Canadian woman with clinical features
similar to the L168Fmutation reported in the 32 affected
members of the French-Canadian family (35, 38). The
patient reported noticing ataxia during her teenage
years but had early-onset skin pathologies starting
around the age of four that progressed to localized skin
thickening (38). Although oculomotor symptoms were
reported in the patient, detailed ophthalmological
fundus examination of themaculawas not reported (38).
In 2019, anotherheterozygousELOVL4mutation, c.698C
> T (p.T233M), was discovered in a patient with multi-
system neurodegeneration, including ataxia and EKV
skin lesions (65). MRI of the brain of the patient and his
father, who also presented with ataxia but no skin pa-
thology, showed pontine and cerebellar atrophy as well
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as the hot cross bun sign as previously reported in pa-
tients with SCA34 with p. L198F and p. W246G ELOVL4
mutations (35, 36, 65). In 2020, Beaudin et al. (43) reported
further characterization of the C.504G > C p.L168F
mutation previously reported by Cadiuex et al. (35) in
another French-Canadian family in which themean age
of ataxia onset was 47 years. Unlike the family reported
by Cadiuex et al. (35), none of the nine clinically affected
familymembers reported by Beaudin et al. (43) had EKV.
Most of the affected members, however, exhibited hor-
izontal nystagmus and saccadic pursuits, and one of the
nine affected individuals had pisiform perimacular le-
sions (43). Further clinical characterization of the pa-
tients revealed cerebellar and pontine atrophy (four of
six patients) and cruciform hypersignal in the pons (two
of six patients). Fluorodeoxyglucose-positron emission
tomography imaging revealed diffuse cerebellar hypo-
metabolism in all five tested patients, with subtle parietal
hypometabolism in three of them. The patients also
exhibited cognitive deficits in executive functioning
that were statistically significantly different from age-
and education-matched controls (43).

As the list of heterozygous SCA34 ELOVL4mutations
grew (Table 1), in 2019 another ELOVL4mutation, c.512T
>C, p.I171T in exon 4 of ELOVL4, (Fig. 1) was reported in a
family that presented with both SCA34 and retinal dys-
trophy characteristic of ELOVL4 mutations that cause
STGD3 (39). Ophthalmologic evaluation showed that
four of the eight individuals in the family had retinal
abnormalities consistent with retinitis pigmentosa (39).
This was the first reported case where an individual with
SCA34 pathology also presented with a retinal deficit
from the ELOVL4 mutation (39). It is also the first re-
ported case where an ELOVL4 mutation was linked to
retinitis pigmentosa. Thus, even with the SCA34-causing



ELOVL4mutations, there are tissue-specific variabilities
in the phenotypes reported. Of more importance, there
are differences in the time of disease onset and rate of
progression of the different tissue-specific disorders
caused by different ELOVL4 mutations. Some patients
with STGD3 seem to have early-onset vison loss (1–4, 10,
34, 66), whereas patients with SCA34 with or without
EKV develop relatively slow progression of ataxia, with
average onset in adulthood (35–39, 43, 65).

Homozygous ELOVL4 mutations cause severe
intellectual disability, seizures, and early childhood
death

To date, three different homozygous mutations in
ELOVL4 have been reported to cause very severe pa-
thologies that affect the skin and brain, resulting in
early childhood mortality (40, 41). Overall, inheritance
of the homozygous ELOVL4 mutations, c.78C > G;
p.Tyr26*, and c.646C > T, p.Arg216X (41) in exon 5, and
c.690del p.Ile230Metfs*22 in exon 6 of ELOVL4 (40),
causes dry, scaly, and thickened skin disorders (ich-
thyosis), intellectual disability, seizures, hypertonia, and
premature death (40, 41). An important characteristic of
the neuroichthyotic disorders in these patients is that it
shares clinical features resembling Sjogren-Larsson
syndrome (MIM 270200) (40). These findings suggest
that there are potentially other novel ELOVL4 muta-
tions that have not yet been reported because the pa-
tients may have been assigned to other clinical
categories based on their phenotype. We therefore
speculate that new ELOVL4 mutation variants will be
discovered and reported.

Consistent with the human pathologies, mice that are
homozygous for the STDG3 alleles or homozygous
knockout of mouse Elovl4 die at birth (23, 31–33).
Transgenic expression of wild-type ELOVL4 in the skin
using skin-specific promoters rescued these mice from
neonatal lethality (67, 68). However, the skin-rescued
mice develop seizure-like phenotypes similar to the
symptoms seen in humans homozygous for ELOVL4
and die by postnatal day 21 owing to the lack of brain
ELOVL4 VLC-FA products (68), which supports the
essential role of ELOVL4-synthesized lipids in health
and disease. How the different mutations in ELOVL4
cause such different tissue-specific phenotypes and
rates of progression of disease is a puzzling question
that remains to be answered.

DECIPHERING THE MUTANT ELOVL4 DISEASE
PATHOLOGY BY UNDERSTANDING THE

STRUCTURE AND TISSUE DISTRIBUTION OF
ELOVL4

There are seven members of the fatty acid elongase
(ELOVL1-7) family that work in collaboration with
other fatty acid biosynthetic enzymes to elongate spe-
cific chain lengths of fatty acids in a tissue-specific
manner (Fig. 2) (70–76). These enzymes are
V

transmembrane resident proteins of the endoplasmic
reticulum (ER) within which they elongate both satu-
rated and unsaturated fatty acids with specificity to-
ward a particular fatty acid chain length (77, 78).
ELOVL4 specifically synthesizes both VLC-SFA and
VLC-PUFA from C26 fatty acids (Fig. 2A, B) (28, 69).
These enzymes contain three characteristic motifs,
namely, (1) an N-glycosylation consensus motif at the N
terminus, (2) a catalytic histidine core (HXXHH), and (3)
an ER retention/retrieval motif (KXKXX) located at
the C terminus. Site-specific mutations within these
motifs in cell culture experiments established that the
activity of ELOVL enzymes is dependent on an intact
catalytic histidine core and the ER retention/retrieval
motif (29, 30, 79). Despite the ability of ELOVL4 to
elongate both PUFA and SFA, the quantitative and
qualitative distribution of VLC-PUFA and VLC-SFA
varies in the different ELOVL4-expressing tissues. In
terms of its tissue distribution, our current knowledge is
that ELOVL4 is expressed in the retina, Meibomian
glands, brain, skin, and testes (1, 28, 80, 81). However,
there is the probability that, as we continue to study the
ELOVL4 protein, with time, we may discover other
tissues that express it under specific conditions. In the
eye, the highest ELOVL4 expression is seen in the rod
and cone photoreceptor inner segments and the outer
nuclear layer, where VLC-PUFA are the main ELOVL4
products that are selectively incorporated into the sn-1
position in phosphatidylcholine (PC) with DHA esteri-
fied at the sn-2 position (21, 28, 80, 82–86). Although
VLC-PUFA are the main products of ELOVL4 in the
retina and testes in which they are incorporated into PC
and sphingolipids, respectively, VLC-SFA are predom-
inantly synthesized in the skin, brain, and Meibomian
glands and incorporated into sphingolipids (Fig. 2D, E).
Even within the retina, VLC-PUFA are incorporated
mainly into PC lipid species (Fig. 2C), whereas in the
testes and sperm, VLC-PUFA are incorporated into
sphingolipids suggesting that different tissues have
different specific needs for ELOVL4 products. Also, in
the eye, ELOVL4 is expressed within the Meibomian
glands, which produce a lipid mixture of meibum that
mixes with aqueous tears produced by the lachrymal
glands to form the tear film that covers the cornea (81).
This lipid mixture contains VLC-SFA produced by
ELOVL4 that are incorporated into (O-acyl)-ω-hydroxy
FA (87–92). Reduced VLC-SFA relative to other lipids
may alter the rate of evaporation of the tear film. Of
significance, changes in the quality and quantity of the
lipids secreted by the Meibomian glands are believed to
be an underlying cause of the evaporative form of dry
eye disease (81, 93). Meibum is believed to be excreted
spontaneously or when blinking. It is interesting that
STGD3 5 bp deletion heterozygous mice, likely having
reduced VLC-SFA in their tear film, exhibited
increased blinking of the eyelids and an aversion to
keeping their eyes fully open and showed an evapora-
tive type of dry eye disease phenotype (81). This
LC-FA-containing lipids: novel insights from ELOVL4 5



Fig. 2. Biosynthesis of VLC-PUFA and VLC-SFA. A: Schematic in vivo biosynthetic pathway from 18:3n3 and 18:2n6 mediated by
ELOVL4 and other ELOVL family proteins. Desaturase and elongation steps are consecutively performed by fatty acid desaturase-1
(FADS1 or Δ5 desaturase), fatty acid desaturase-2 (FADS2 or Δ6 desaturase), and ELOVL1-5. Although some elongases are specific for
a single step, others are nonspecific or multifunctional and act at several steps (e.g., human ELOVL5 and murine ELOVL2). Panel A
is an adapted reproduction from Man Yu et al. (69). ©2012 by the American Society for Biochemistry and Molecular Biology, Inc. B:
VLC-SFA biosynthesis pathway. Elongation steps from 18:0 to VLC-SFA by the different ELOVLs. C: Example of VLC-PUFA
esterification in the retina: phosphatidylcholine containing the VLC-PUFA, 34:5n3 and the LC-PUFA, 22:6n3 (DHA). D: Example
of VLC-SFA amidification in the skin: ω-O-acylceramide containing the VLC-SFA, 28:0 ω-O-linked with 18:2n6. E: Example of VLC-
SFA amidification in the brain: sphingomyelin containing the VLC-SFA, 30:0. Panels C–E, adapted from Hopiavuori et al. (70) used
with permission.
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supports the important role of ELOVL4-synthesized
VLC-SFA in ocular health and the prevention of
rapid evaporation of the eye's tear film, which needs
further studies to unravel the role of ELOVL4 in age-
related dry eye diseases.

In the brain, the ELOVL4 products are essential for
normal brain function such that depletion of brain
ELOVL4 leads to seizures and premature death in ro-
dents and humans (40, 41, 68). We have shown that
ELOVL4 is expressed in neurons in the brain, with the
most abundant expression in most neurons by embry-
onic day 18 in mice (94). We detected 28:0 and 30:0 VLC-
SFA, which are incorporated into complex sphingoli-
pids and enriched in synaptic vesicle preparations from
baboon brains (68). We showed increased synaptic
release kinetics in the hippocampal neurons from ho-
mozygous Elovl4Stgd3/Stgd3 mice compared with neurons
from wild-type littermates (68). Supplementing the
primary neurons from the Elovl4 homozygous mice
with 28:0 and 30:0 rescued the synaptic release rates to
wild-type levels (68). Thus, brain VLC-SFA seem to
modulate presynaptic transmitter release kinetics that
requires further scientific investigation.

The expression of ELOVL4 in the skin is important
for biosynthesis of VLC-SFA that are essential for skin
barrier function and overall survival (31, 95). The
essential role of VLC-SFA for skin function and sur-
vival is unequivocally demonstrated in homozygous
STGD3 knockin mice and homozygous global Elovl4
knockout mice that die at birth (23, 31–33) and in
humans with homozygous ELOVL4 mutations who die
within the first decade of life from a number of
neurological and skin disorders (40, 41). We and others
have established the essential role of ELOVL4 and its
VLC-FA products for life by demonstrating that the
expression of ELOVL4 in the skin rescues the skin
defects that cause neonatal lethality in homozygous
STGD3 knockin mice (67, 68).

WHAT FACTORS DETERMINE THE DIFFERENT
TISSUE-SPECIFIC DISORDERS CAUSED BY

DIFFERENT ELOVL4 MUTATIONS?

The tissue-specific biosynthesis of VLC-PUFA rela-
tive to VLC-SFA in different ELOVL4-expressing tis-
sues is likely determined by tissue-specific factors, such
as availability of substrates and/or proteins that
interact with ELOVL4. In the retina, the biosynthesis of
VLC-PUFA is likely due to the higher presence of
PUFA substrates, whereas in the skin and Meibomian
glands, the preference toward VLC-SFA biosynthesis is
probably due to the lack of PUFA precursors and
presence of VLC-SFA precursors (Fig. 2A, B). DHA and
arachidonic acid (20:4n6) (AA) are the predominant
PUFA in the retina and brain (96–105). However, to
date, despite our exhaustive search, we have not been
able to detect VLC-PUFA in the normal brain, but we
have readily detected VLC-PUFA in retinal PC and
V

sperm sphingolipids and VLC-SFA in skin (28, 82–84,
106–109). This suggests VLC-PUFA and VLC-SFA may
be differentially metabolized in the brain and in the
retina. Since fatty acid oxidation occurs in peroxisomes
when fatty acid chains are too long to be oxidized by
the mitochondria, the presence of VLC-PUFA in the
brain and other tissues of Zellweger spectrum disor-
ders, but not in normal brain, is attributed to impaired
peroxisome dysfunction (110–112). On the other hand, it
may be argued that the presence of VLC-PUFA in the
brains of Zellweger spectrum disorders suggests that, in
the normal brain, VLC-PUFA are efficiently utilized
for brain function, hence their lack of accumulation.
We need genetic animal models and in vitro studies to
test these proposals.

Studies have shown that some fatty acids may be
utilized more for energy purposes. DHA is demon-
strated to be a relatively poor substrate for beta-
oxidation in the mitochondria and peroxisomes
(113–115). EPA is present in the retina and brain at low
levels probably because they are more readily metab-
olized or oxidized than DHA; as a result, there is limited
retroconversion of DHA back to EPA in peroxisomes
(113, 114, 116). To sustain the high energy needs of the
brain, substantial EPA may therefore not be sufficient
for significant FA elongation to VLC-PUFA, since FA
elongation and FA catabolism cannot occur simulta-
neously (115, 117). Coincidentally, based on our in vitro
studies, we showed that EPA is a preferred substrate for
VLC-PUFA biosynthesis by ELOVL4-expressing cells
treated with equimolar concentrations of DHA and
EPA or DHA and AA (69). These findings are consistent
with the discovery that in Atlantic salmon (Salmo salar),
Elovl4 synthesized greater amounts of VLC-PUFA from
EPA than from AA and DHA (118). Also, in the retina,
DHA molecules are principal components of retinal
PC-containing VLC-PUFA and hence may not undergo
extensive metabolism while incorporated into phos-
pholipids (119). For instance, when vitreal fluid of rat
eyes was injected with tritium-labeled [3H]-DHA, 90% of
the [3H]-DHA remained as 22:6n-3 in the phospholipids
after 48 h in vivo metabolism (120). These observations
indicate that DHA is likely utilized more for structural
purposes, influencing fluidity of the membrane
without further metabolism (121). Therefore, despite
the presence of relatively high DHA in the brain, it may
be serving more as structural and signaling elements
and increasingly not available as substrates for
ELOVL4 elongation into VLC-PUFA (122). As we pre-
viously proposed (68), absence of VLC-PUFA in the
normal brain could be due to the fact that any VLC-
PUFA produced are efficiently biotransformed into
Elovanoids that serve a neuroprotective signaling
function (123). This thought is further supported by the
fact that the absence of Adiponectin receptor 1, a re-
ceptor necessary for DHA uptake into the retina, leads
to depletion of not only DHA but also Elovanoids and
their VLC-PUFA precursors 32:6n3 or 34:6n3 (124). Also,
LC-FA-containing lipids: novel insights from ELOVL4 7



sufficient availability of a particular fatty acid may
interfere with the elongation of another type of fatty
acid in a given tissue. For example, using liver micro-
somal assays, it was reported that the chain elongation
of linoleic acid (18:2n6) was more than 60% inhibited by
saturated fatty acids myristic acid (14:0) and pentade-
canoic acid (15:0) (125). This form of competitive inhi-
bition may play a role in the abundance of VLC-SFA or
VLC-PUFA in a tissue-specific manner.

Another factor that could determine the predomi-
nant product of ELOVL4 in a tissue-specific manner
may be the ELOVL4 enzyme elongation complex sub-
strate discrimination as determined by specific inter-
acting proteins within a given tissue. Saturated and
polyunsaturated FA have different physiochemical
properties, with straight-chained saturated fatty acids
being able to pack closely, whereas PUFA, owing to the
presence of double bonds, occupy more space. The
double bonds of PUFA cause them to have bent con-
formations along the acyl chain, so they do not pack
tightly. ELOVL1-7 exhibits characteristic substrate
specificities toward acyl-CoAs. Some elongases, such as
ELOVL6 and ELOVL7, have preferential elongation
activity toward saturated fatty acids rather than PUFA.
Thus, it is possible that differential expression of the
type of ELOVL proteins in a given tissue could deter-
mine the type of fatty acid synthesized within that tis-
sue (72). In vitro studies showed that elongation by
ELOVL6 was limited to long-chain saturated and
monounsaturated fatty acyl-CoAs with chain lengths of
12–16 carbons. This finding shows that an increase in
carbon length and degree of unsaturation in the FA
limit the ability of ELOVL6 to elongate it (126).
Although VLC-SFA biosynthesis requires expression of
combinations of ELOVL1, 3, 4, 6, and 7 in cells, ELOVL2
and ELOVL5 have substrate preference for PUFA by
elongating C18–C20 PUFA (127, 128). However, only
ELOVL2 further converts 22 carbon PUFA n3/n6 to 24
carbon PUFA n3/n6 (127). Subsequently, the 24 carbon
PUFA can be further elongated into 26 carbon PUFA
(which are substrates of ELOVL4) by ELOVL1 and 3.
In vitro, both ELOVL2 and 5 enzymes elongated EPA
(20:5n3, a substrate common to both ELOVL2 and 5) to
DPA (22:5n3). However, only ELOVL2 further elon-
gated the DPA product to 24:5n3 (127).

Using a yeast expression system, the cysteine at po-
sition 217 in ELOVL2 and a tryptophan at the corre-
sponding position in ELOVL5 have been identified as
the molecular reason for the differences in activity
toward elongation of DPA to 24:5n3. As a result,
C217W-ELOVL2 mutant loses the ability to convert
DPA to 24:5n3 while retaining enzymatic activity to
elongate EPA to DPA (127).

We recently generated a knock-in Long Evans rat
model of SCA34 (SCA34-KI) that expresses the 736T >
G (p.W246G) form of ELOVL4 that causes human
SCA34. Analyses of retina and skin lipids of the SCA34-
KI rats showed that the W246G ELOVL4 mutation
8 J. Lipid Res. (2021) 62(C) 100030
selectively impaired synthesis of VLC-SFA in the skin,
but not retinal VLC-PUFA (Fig. 3) (129). Consistent with
the human SCA34 pathology, the homozygous SCA34
rats that developed progressive motor learning defects
with age were significantly smaller than their hetero-
zygous and wild-type control littermates and developed
reddish pink scaly skin similar to the human EKV pa-
thology (129). Analyses of VLC-SFA in skin showed
significantly reduced levels of 28:0 and 30:0 in homo-
zygous mutant rats (MUT) compared with wild-type
(WT) and heterozygous (HET) ones (Fig. 3A, B). We
also showed the levels of 24:0 were significantly
elevated in the skin of HET and MUT rats compared
with WT rats (Fig. 3A). Of interest, total retinal VLC-
PUFA-PC levels showed no differences among the
WT, HET, and MUT rat retinas (Fig. 3C), which suggests
that the W246G mutation affected skin VLC-SFA
biosynthesis but had no effect on retinal VLC-PUFA
biosynthesis. Recent studies by Parisi et al. (130, 131)
demonstrated that increased levels of C24 fatty acids
can disturb membrane integrity more readily than C16
fatty acids. Using molecular dynamics simulations, they
showed that 24:0 can interdigitate between leaflets of
the lipid bilayer, whereas C16 FA does not, and that
increases in the levels of saturated VLC-FA result in
cellular membrane permeabilization during nec-
roptosis (130, 131). They proposed that dysregulation of
VLC-SFA can cause membrane disruption either by
directly disrupting membrane packing or facilitating
permeabilization by targeting proteins to the plasma
membrane. This observation could explain the EKV-
like skin disorders seen in humans and in our SCA34
rat model (129–131). Taken together, these results sug-
gest that the W246G ELOVL4 protein may have sub-
strate preference for PUFA but not SFA, which would
support the hypothesis that ELOVL4 mutations that
affect the skin and brain but not the retina impair the
synthesis of VLC-SFA, which are the ELOVL4 products
of the skin, and not VLC-PUFA, the ELOVL4 products
in the retina. It is also possible that mutations in
ELOVL4 that significantly change the conformation of
the protein structure and its active site may steer
ELOVL4 substrate preference for either SFA or PUFA,
hence the tissue-specific disorders caused by the
different ELOVL4 mutations.

ROLES OF VLC-FA-CONTAINING LIPIDS IN
RETINAL FUNCTION

Genetic and aging components that could affect
retinal fatty acid biosynthesis and cause retinal
pathologies

A pathologic hallmark of STGD3 is the presence of
lipid-containing residue lipofuscin in the RPE, RPE at-
rophy, and macular degeneration (10, 11, 66). VLC-
PUFA are the main products of ELOVL4 in the
retina and testes, whereas VLC-SFA are predominantly
synthesized in the skin, brain, and Meibomian glands.



Fig. 3. The W246G mutation in ELOVL4 impairs VLC-SFA synthesis but retains the ability to synthesize VLC-PUFA. A: Analysis of
VLC-SFA in skin. Levels of VLC-SFA (28:0 and 30:0) and total VLC-SFA (28:0 + 30:0) were significantly reduced in the skin of MUT
rats compared with WT and HET rats. B: Levels of 26:0, the direct precursor for VLC-SFA synthesis, did not differ significantly
across genotypes. However, levels of 24:0 were significantly elevated in the skin of HET and MUT rats compared with WT rats. (Data
shown as mean ± SD. Analysis by one-way ANOVA with Tukey's post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001). C: VLC-PUFA were
detected specifically in the phosphatidylcholine fraction (PC), but total VLC-PUFA levels showed no differences among WT, HET,
and MUT rat retinas. However, significant differences were detected in non-VLC-FA species (PC 34:01 and PC 40:06) among
genotypes.
Although the role of VLC-PUFA in the retina is not
completely understood, the current data suggest that
retinal VLC-PUFA confer fluidity on retinal outer
segment membranes and are essential for synaptic
function and overall health and function of the retina
and RPE (132–134). Indeed, Liu et al. (135) reported the
presence of 21 different VLC-PUFA belonging to six
different groups in human retina and RPE/choroid.
These groups include n-3 and n-6 VLC-PUFA from C24
to C34 with variable double bonds (135). They showed
that, in the whole retina, the levels of 28:4n-6, 30:6n-3,
30:5n-3, 32:4n-6, and 32:5n-3 peaked in middle age, with
the levels of 24:6n-3, 26:4n-6, 28:4n-6, 28:5n-3, 30:4n-6,
32:5n-6, 32:6n-3, 32:5n-3, and 34:4n-6 being significantly
higher in normal old age retinas compared with the
age-matched AMD group (135). Compared with the
retina, one-tenth of C30–C34 VLC-PUFA were detected
in RPE/choroid, which also showed a trend in age-
related changes in VLC-PUFA, with levels peaking in
middle age donor eyes and severely decreasing in AMD
donors (135). These findings suggest that, even in the
normal eye, normal aging affects the levels of retinal
VLC-PUFA.
V

An important finding from the Liu et al. study (135) is
the decrease in C24–C26 PUFA in AMD retinas
compared with age-matched normal retinas. This
decrease was proposed to be likely due to lower levels
of precursors such as 22:4n-6 and 22:5n-3 in AMD ret-
inas or impaired enzymatic processing (135). In a follow-
up study (136) to the Liu et al. study from 2010, the
Bernstein lab collected and analyzed donor eyes and
serum from patients with AMD (n = 15; aged 73–91
years) and non-AMD control patients (n = 21; aged
74–88 years). They showed that dietary intake of LC-
PUFA, which are precursors for VLC-PUFA, influ-
enced the retinal lipid profile and confirmed that AMD
eyes have decreased VLC-PUFA by showing that retinal
VLC-PUFA levels were significantly lower in AMD eyes
compared with levels in age-matched control eyes (136).
They proposed that serum LC-PUFA levels are good
predictors of retinal LC-PUFA and VLC-PUFA levels
(136). Furthermore, they explored the potential contri-
bution of TT and CT variants of ELOVL4 (rs3812153) to
AMD pathogenesis. They reported that AMD donors
with the CT ELOVL4 variant allele had one form or the
other of pigmentary irregularities, soft drusen deposits
(>63 and ≤125 μm), geographic atrophy, and choroidal
LC-FA-containing lipids: novel insights from ELOVL4 9



neovascular membranes compared with carriers with
the lower-risk TT allele variant (136). However, consis-
tent with previous studies, they did not find a statisti-
cally significant correlation between the lower-risk TT
allele compared with the CT ELOVL4 variant and mac-
ular degeneration (136–138). In light of the new dis-
coveries of different ELOVL4 mutations causing
different tissue-specific disorders in humans, re-
searchers should consider including analyses of the CT
and TT variants in ELOVL4 in patients with AMD in
future studies. In line with the essential role of VLC-
PUFA in retinal function, the report by Donato et al.
(34) that SNP in the human ELOVL4 promoter causes
STGD3 suggests that loss of ELOVL4 enzymatic activ-
ity, and therefore a decrease in VLC-FA products, could
cause an age-related decline in visual function, RPE
atrophy, and photoreceptor death.

Indeed, it is now emerging that age-related hyper-
methylation of genes involved in retinal fatty acid
metabolism that suppresses transcription of these genes
potentially contributes to some of the age-related
decrease in retinal LC-PUFA and VLC-PUFA (139).
ELOVL2 is expressed in the retina and plays critical
roles in the biosynthesis of LC-PUFA that are essential
precursors for VLC-PUFA biosynthesis (140). ELOVL2
has emerged as a prominent aging biomarker (139, 141,
142). Age-related increased methylation in ELOVL2 oc-
curs not only in humans but also in mouse retina and
liver, where it is highly expressed (140). Recent studies
have also reported that genetic variations in ELOVL2
affect the level of blood EPA and DHA, thereby
providing an inconsistent degree of protection from
cardiovascular disease (143). Carriers of the SNPs
rs3734398, rs2236212, and rs953413 in ELOVL2 have
lower proportions of plasma DHA than do noncarriers
at baseline, which could be improved by dietary EPA
and DHA supplementation (143). These findings sug-
gest that, in the general population, age-related
methylation of the regulatory regions of ELOVL2
coupled with SNPs in ELOVL2, and potentially in other
ELOVLs and fatty acid desaturases that are essential
for fatty acid metabolism, could be one of the possible
molecular explanations for the age-related decrease in
retinal LC-PUFA and VLC-PUFA levels.

Recently, the Skowronska-Krawczyk lab showed that
the Elovl2 promoter region is increasingly methylated
with age in the retina and caused an age-dependent
decrease in ELOVL2 expression in the liver and
retina (140). Their analyses of the fundus of wild-type
C57BL/6J mice showed age-dependent accumulation
of autofluorescent aggregates and a decrease in visual
function at 24 months, which could be reversed in vivo
by intravitreal injection of 5-Aza-2′-deoxycytidine (140).
To further understand how downregulation of
ELOVL2 could cause age-related changes in visual
function in the mouse retina, they used the CRISPR-
Cas9 technology to generate mutant Elovl2 knockin
mice that encode a cysteine-to-tryptophan substitution
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(C234W) in ELOVL2 (140). The C234W ELOVL2 mu-
tation caused selective inhibition of elongation of C22-
PUFA to C24-PUFA, while its activity toward other
ELOVL2 substrates was retained (140). The heterozy-
gous Elovl2C234W mice were fertile and bred to produce
homozygous Elovl2C234W mice that developed normally.
However, fatty acid analyses of the retina and liver of
the Elovl2C234W mice revealed accumulation of 22:5 fatty
acids and decreased levels of 24:5 and 22:6 fatty acids,
which supports loss of ELOVL2 enzymatic activity to-
ward C22 elongation (140). What is remarkable about
the loss of ELOVL2 activity and decrease in the C24
fatty acids in the retina of these mice is that the ho-
mozygous Elovl2C234W mice exhibited an accelerated
aging phenotype as determined by a decline in retinal
electrophysiological responses consistent with prema-
ture visual dysfunction and showed well-established
aging markers related to autofluorescent deposits by 6
months of age (140). The results of age-related patho-
logical changes in the wild-type C57BL/6J mouse retina
induced by age-related hypermethylation of the Elovl2
promoter were similar to the changes observed in the
Elovl2C234W mouse model (140). These results suggest
that age-related dysregulation of retinal fatty acid
biosynthetic genes contributes to some forms of age-
related retinal degenerative diseases. One factor that
was not studied in the Elovl2C234W mouse was the po-
tential contribution of the mutant C234W ELOVL2
protein to the pathology observed. We expect that, in
future experiments, if the homozygous Elovl2C234W mice
are fed the missing fatty acids and are shown to be
rescued from the accelerated aging phenotype due to
increased retinal LC-PUFA and VLC-PUFA levels, this
will validate the essential role of LC-PUFA and VLC-
PUFA in retinal and brain function.

It must, however, be emphasized that the essential role
of LC-PUFA and especially VLC-PUFA in the retina is
still not completely understood. It is known that visual
function and the accumulation of autofluorescent ag-
gregates in the retina are highly correlated with aging
(144–149). In heterozygous Elovl4 knockout (Elovl4+/−)
animalmodels that lack expression of the STGD3mutant
ELOVL4 (25, 150) protein, there are no abnormal changes
in rod and conemorphology or decline in photoreceptor
function compared with transgenic mouse models
expressing the STGD3 ELOVL4 protein (19, 22, 26). For
instance, retinas from Elovl4+/− were reported by two
independent groups to have normal retinal morphology
up to 22 months (25, 150). Furthermore, immunohisto-
chemistry and confocal microscopy of cone and rod
conditional knockout mouse retinas revealed normal
retinal outer segment morphology until 10 and
15 months, when outer nuclear layer thickness measure-
ments showed a mild photoreceptor cell loss in compar-
ison with normal controls (134). Also, using a Chx10-Cre to
conditionally delete Elovl4 from photoreceptor cells,
Bennett et al. (132, 133) showed normal retinal
morphology in cKO mice and WT controls up until



12 months of age, when there was a small but significant
loss of rod photoreceptor nuclei and synaptic vesicle
changes in the cKO mice compared with WT controls.
However, following thehugedecline inVLC-PUFA there
was a significant reduction in rod responses compared
with wild type as assessed by electroretinography (ERG).
These results on the surface would suggest that VLC-
PUFA are not critical for photoreceptor structure. How-
ever, as reported by the Bernstein lab (135, 136) and in our
own studies in rodents (151, 152), the levels of VLC-PUFA
in the rod-dominant rodent retina are much higher than
in cone-dominant retinas (151) and in the human macula
(153). It is possible that differences in the amount ofVLC-
PUFA in the rodent retina relative to the human retina
could account for the reason why mouse Elovl4 models
without mutant ELOVL4 expression do not show sig-
nificant defects in retinal function and structure. The
finding that loss of ELOVL4 products results in rapid
decline in visual function, RPE atrophy, and photore-
ceptor death in STGD3 animal models strengthens the
relationship between VLC-PUFA and macular degener-
ation (132, 133).

Another important reason for the need to understand
the contribution of VLC-PUFA to retinal function is
that, despite considerable epidemiological and animal
studies implicating the essential role of LC-PUFA in
retinal function, the negative results of the Age-Related
Disease Study 2 (AREDS2) that suggest that DHA sup-
plementation is not able to attenuate progression of
macular degeneration were unexpected (154, 155). We
have shown that, compared with well-characterized rod-
dominant retinas, cone-dominant retinas have signifi-
cantly less DHA and VLC-PUFA in whole retinas and
outer segment (OS) membranes, which is consistent with
previous studies that showed less DHA in human mac-
ula relative to the peripheral retina (151). Cone photo-
receptors intrinsically have low levels of LC-PUFA and
VLC-PUFA, which suggests that genetic and age-
related epigenetic modifications that affect genes
involved in LC-PUFA and VLC-PUFA biosynthesis to
further decrease the levels of these fatty acids could
increase the susceptibility of the macula to age-related
RPE and photoreceptor cell degeneration (151). Also,
the evidence of age-related epigenetic regulation of
ELOVL2 (140) and its effect on lipid biosynthesis com-
bined with Donato et al.'s (34) report of SNPs in the
ELOVL4 promoter causing STGD3 suggest that age-
related changes and genetic factors that affect the
expression of lipid biosynthetic genes play a role in
retinal health. Thus, the role of age-related depletion/
loss of VLC-PUFA in the contribution to STGD3 and
AMD pathologies cannot be ruled out and merits
further investigation.

Biochemical protective roles of VLC-PUFA-derived
bioactive lipids in the retina

Oxidative stress is a major risk factor for AMD (156).
The retina is constantly exposed to oxidative stress, and
VL
any form of uncompensated oxidative stress can trigger
pathways that can lead to photoreceptor cell death
(156–158). Recent breakthrough studies based on our
discovery that ELOVL4 is essential for the biosynthesis
of VLC-PUFA have shown that VLC-PUFA-derived
bioactive lipids may protect photoreceptors against
oxidative stress (123, 159). Studies by the Bazan lab
showed that oxygenated derivatives ofVLC-PUFAcalled
“Elovanoids” serve as a survival signal during uncompen-
sated oxidative stress (159). The Elovanoids ELV-N32 and
ELV-N34, which are dihydroxylated derivatives of 32:6n-
3 and 34:6n-3, respectively, were discovered to protect
RPE cells from hydrogen peroxide-induced cell death by
upregulating the expression of prosurvival proteins like
Bcl-2 and Bcl-xL and downregulating proapoptotic pro-
teins Bax, Bim, and Bid (159). This finding shows that the
reduction in the levels of VLC-PUFA-derived pro-
survival mediators may play a role in photoreceptor
death in many retinal degenerative diseases in which the
retinal lipidome is affected. For instance, knockout of
Adiponectin receptor 1, a key regulator of DHA uptake
and retention in the retina, in mice leads to depletion of
DHA (C22:6n3), 32:6n3 or 34:6n3, with ELV-N32 and
ELV-N34 being undetectable even when subjected to
uncompensated oxidative stress conditions.

Also, in recent studies, the sodium-dependent lipid
transporter Major Facilitator Superfamily Domain Containing
2-a (Mfsd2a) has been demonstrated to be a major
transporter of DHA across the blood-retina barrier into
the retina, as well as DHA transport into the brain
(160–163). Homozygous knockout of Mfsd2a (Mfsd2a−/−)
mice had about half the level of normal DHA and other
fatty acids containing 22 and more carbons in the
retina. There was also a corresponding decrease of
about 57% VLC-PUFA in the retinas of these mice,
which implicates the deficit of ELV-N32 and ELV-N34,
despite normal Elovl2 and Elovl4 mRNA expression
levels (159, 160). The effect of the decline of these lipids
resulted in about 30% photoreceptor cell death by
6 months of age compared with WT littermates of the
same age (160). Surviving photoreceptors retained
normal ultrastructure, and single-cell recordings from
the surviving rods of Mfsd2a−/− mice showed indistin-
guishable amplitudes and kinetics of the light responses
compared with wild-type littermates (160). However,
Wong et al. (162) reported a reduction in outer rod
segment length, disorganized outer rod segment
discs, and mislocalization of and reduction in rhodopsin
early in postnatal development, without loss of photo-
receptors, in the Mfsd2a−/− mice. Although these
Mfsd2a−/− mice had normal visual function as evaluated
by ERG, their developing eyes were reported to
have activated microglia and upregulation of lipogenic
and cholesterogenic genes, which were attributed to
adaptations to loss of DHA lysophosphatidylcholine
transport (162). These findings support the essential role
of DHA in photoreceptor development and function
(162).
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Taken together, these results suggest that the reduction
in retinal LC-PUFA andVLC-PUFA plays amajor role in
retinal disease pathogenesis (140, 162). Results from these
studies suggest that it is possible that decreased LC-PUFA
andVLC-PUFA, the levels ofwhichare regulatedby fatty
acid elongase and desaturase enzymes, contributes to a
nonexudative form of AMD through gradual RPE atro-
phy andphotoreceptor cell death. The implication here is
that functional lipid biosynthetic genes are essential for
biosynthesis of lipids that play protective roles in the
retina and other neuronal tissues. If so, combined dietary
supplementation of EPA and DHA, which are critical to
maintain retinal structure and function, withVLC-PUFA
may be beneficial in attenuating rescue of retinal func-
tional deficits in AMD.

ROLE OF ELOVL4 MUTANT PROTEINS IN
DISEASES OF THE RETINA IN VIVO: EFFECT OF

STGD3 PROTEIN ON PHOTORECEPTOR HEALTH

Photoreceptor and RPE dysfunction is a common
feature in STGD3 disease in humans (1, 10, 11, 66). A
number of in vivo studies using different STGD3 and
Elovl4 knockout mouse models confirmed mislocaliza-
tion of the STGD3 protein and loss of its enzymatic
activity (19, 20, 22–24, 26, 164, 165). The first transgenic
STGD3 mouse models reported expression of
increasing copy numbers of the human STGD3 mutant
ELOVL4 protein in both rods and cones using inter-
photoreceptor retinoid-binding protein promoter in
wild-type mice that have two endogenous mouse Elovl4
wild-type alleles (22). In these mouse models, the rate of
retinal degeneration corresponds with the copy num-
ber of the human STGD3 mutant protein expressed
(22). Our lipidomic analyses of the retinas of some of
these transgenic mice at a stage where there was no
significant retinal degeneration did not show signifi-
cant loss of retinal VLC-PUFA (166). This suggests that
biosynthesis of retinal VLC-PUFA by endogenous wild-
type mouse ELOVL4 is not affected by the transgene
expression in younger animals (166). This finding
further suggests that retinal degeneration in the TG3 >
TG2 > T1 mouse could be due to the overexpression of
mutant human ELOVL4 causing retinal and RPE pa-
thologies (22). Furthermore, in the heterozygous
STGD3 5 bp deletion knockin mouse model
(Elovl4WT/Mut), Vasireddy et al. (26) reported a significant
decrease in the number of cones expressing S-opsin
starting at 6 months compared with control animals. At
18 months, the number of cones expressing S-opsin
continued to decrease, whereas there was no difference
in the number of cones expressing M-opsin. McMahon
et al. (23) also generated a heterozygous STGD3 knockin
mouse model (Elovl4Wt/Stgd3). They reported no evidence
of morphological changes or significant reduction in
the length of photoreceptor outer segments or the
number of photoreceptor cells of Elovl4Wt/Stgd3 mice
compared with WT controls (23). The main difference
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between the Vasireddy and McMahon studies was in
the age of the animals analyzed and the approach used
in generating the knockin animals (23, 26). Work done
in all other transgenic models expressing the mutant
STGD3 protein in the retina reported different forms
of rod and cone degeneration, including a transgenic
pig model expressing the 5 bp del and the tyrosine
premature stop (Y270terEYFP) (164) and Xenopus laevis
(165). As we stated earlier, it seems that the absence of
STGD3 protein in the retina of the conditional
knockout animal models with depletion/loss of retinal
VLC-PUFA leads to a slow and progressive retinal
degeneration as seen in normal AMD (132, 133). What is
puzzling is that expression of the STGD3 protein seems
to induce early-onset retinal degeneration in STGD3
animal models (22, 167–169) and in humans (1–4).

In other diseases, like Bardet-Biedl syndrome (BBS), a
condition that leads to aberrant protein trafficking and
blindness, the photoreceptor outer segments (POS)
have an irregular packing pattern with large gaps that
were described as large unusual vesicular structures
(170, 171). This is similar to what was seen in TG2
ELOVL4 transgenic mice, where there were large gaps
between disks of the OS (168). In the BBS mouse model,
the leucine zipper transcription factor-like 1 (Lztfl1), a
protein that interacts with BBS proteins to regulate
protein trafficking, was knocked out (Lztfl1−/−) (170). In
addition, in the BBS mice, more than half of photore-
ceptors were lost by 6 months of age. As a result, there
was a significant reduction in both a-wave and b-wave
in the Lztfl1−/−. In the BBS mouse models, proteins that
would normally be targeted to the inner segment and
outer plexiform layer were misrouted and accumu-
lated in the POS (170). For example, in normal photo-
receptor cells, STX3 and STXBP1 proteins, which are
involved in membrane fusion, are localized to photo-
receptor inner segment (IS) and the outer plexiform
layer, with no detection in the OS. However, in Lztfl1
mutant mice, both STX3 and STXBP1 proteins accu-
mulate in the OS (171). The accumulation of non-OS
proteins in POS is thought to be a causative factor in
photoreceptor cell death and blindness in BBS. Based
on these observations, the question remains whether
the expression of the STGD3 protein and its mis-
localization to OS are sufficient on their own to induce
photoreceptor cell death. Thus, we cannot completely
rule out the contribution of defective mutant ELOVL4,
which lacks VLC-PUFA biosynthesis capability, on the
development of macular degeneration in STGD3.

MISLOCALIZATION OF STGD3 IN POS AND
EFFECT ON RPE FUNCTION

At the cellular level, STGD3 protein is mislocalized
away from the ER and resides in the cytoplasm in an
aggregated pattern (16, 20, 21). Anatomically, Sommer
et al. in 2011 reported mislocalization of the STGD3
mutant (Y270terEYFP) protein from the photoreceptor



IS to the OS membrane (164). Furthermore, we showed
that STGD3 protein is misrouted to the photoreceptor
OS in Xenopus laevis models (165). Of interest, although
replacing the lost ER retention sequence to the STGD3
protein restored its localization to the IS in the Xenopus
laevis photoreceptors (165), it did not restore VLC-FA
biosynthesis in cultured cells (29).

RPE cells continually phagocytose and degrade the
distal end of POS that is essential for photoreceptor/
RPE function and survival (172–178). Accumulation of
undigested products in the RPE is a pathological
feature of AMD (173, 179, 180). However, this phenotype
is presented at a much younger age in some patients
with STGD3 compared with patients with AMD.
Therefore, there is the possibility that the presence of
STGD3 protein in OS impairs the degradation ma-
chinery of RPE and may exert a toxic effect on RPE
cells. Indeed, Kuny et al. (168) showed that the expres-
sion of the STGD3 mutant protein in photoreceptors
exerts an increase in the accumulation of undigested
POS. Ultrastructural examination of the outer segment
surface with scanning electron microscopy, as well as
analysis of cross-sections with transmission electron
microscopy, revealed abnormal morphology of RPE
starting at P30. By P90, TG1 and TG2 mice had large
vacuoles in the RPE, which also had a less ordered ER,
swollen intercristal spaces in the mitochondria, and
large lysosomal deposits containing lipid and undi-
gested OS prior to photoreceptor cell and vision loss
(168). In vitro experiments also demonstrated that pho-
toreceptors exert toxic effects on RPE cells (181, 182).
When isolated POS from TG and WT littermate mice
were fed to human RPE cells in vitro, the RPE cells
showed a significant delay in digesting the outer
segment membranes from the TG mice (181, 182). This
delay in OS digestion interrupts the highly demanding
and daily phagocytic activity by the RPE and, in turn,
the recycling of materials necessary for photoreceptor
health may be impaired. As a result, the accumulation
of undigested products in STGD3 disease prior to
photoreceptor degeneration indicates that the ineffec-
tive degradation in STGD3 OS plays a key role in RPE
atrophy and subsequent photoreceptor dysfunction
and death.

Mutations in ELOVL4 affect each of the ELOVL4-
expressing tissues in a mutation-specific manner.
There are several diseases in which the presence of a
malfunctioning protein in the cell, regardless of its
innate function, contributes to disease onset and pro-
gression (183, 184). It is therefore likely that the
different tissue-specific disorders caused by the
different ELOVL4 mutant proteins could be due to
their specific structural alterations. Each group of mu-
tations could affect how the mutant protein interacts
with other fatty acid condensation and elongation en-
zymes, thereby leading to loss/depletion of specific
tissue VLC-FA as a result of loss or alteration of enzy-
matic function. One plausible mechanism could be that
VL
the altered mutant ELOVL4 protein exerts a dominant
negative effect on wild-type ELOVL4 and/or the entire
fatty acid condensation-elongation machinery to affect
cellular function or VLC-FA biosynthesis. On the other
hand, we cannot rule out the possibility of the mutant
ELOVL4 contributing to disease pathology through
other cellular signaling mechanisms. Since ELOVL4
and other ELOVLs and their interacting partners are
ER membrane-associated proteins that must work in
concert to synthesize specific chain lengths of VLC-FA
(77, 78, 185–187), mutations that affect one protein could
affect the function of the entire lipid biosynthetic
machinery.

Denic and Weissman (77) reported that, although the
conserved (HXXHH) motif in the ELOVLs is not
required for their incorporation into the multiprotein
complexes necessary for global folding of the proteins,
the motif is essential for the functional biosynthetic
activity of the ELOVLs in vivo. Thus, considering the
essential role of the histidine catalytic core and the ER
retention/retrieval motifs in ELOVL4 enzymatic
function, it is likely that ELOVL4 mutations that
change the amino acid characteristics, and hence the
structure of ELOVL4, close to the catalytic histidine
core, or its transmembrane topology would affect the
quality and quantity of VLC-FA synthesized in a spe-
cific tissue. Indeed, we showed that mutating any of the
three histidine motifs affects VLC-FA biosynthesis (29).
This finding suggests that structural integrity of
ELOVL4 and probably the other ELOVL enzymes and
their interacting partners is essential for their biological
function.

CONCLUSIONS AND FUTURE DIRECTIONS

Although VLC-FA are essential lipids for life, they
exist at low concentrations and are incorporated into a
number of different lipid molecular species and struc-
tures that currently are difficult to identify. Thus, our
current understanding of the biological function of
VLC-FA-containing lipids is still limited. However,
considering the importance of these fatty acids in life,
there is a need for us to continue to investigate their
enzymatic/molecular functions in order to understand
their roles in different ELOVL4-expressing tissues.
Considering the different tissue-specific disorders
caused by the different ELOVL4mutations, it is possible
that mutations in ELOVL4 that do not substantially
affect VLC-PUFA synthesis may not impact the levels of
VLC-PUFA in the retina to an extent that would cause
retinal degeneration as seen in patients with SCA34 who
have no reported macular degeneration pathology. All
of the SCA34-causing ELOVL4 mutations are full-
length proteins possessing the essential ER retention/
retrieval motif and histidine catalytic core that are
crucial for VLC-FA biosynthesis and therefore could
synthesize the VLC-PUFA needed for retinal function
but not the fatty acids and lipids required for brain
C-FA-containing lipids: novel insights from ELOVL4 13



function. Also, a particular ELOVL4 mutation might
interact with WT ELOVL4 protein in a way that spe-
cifically inhibits the ability of WT ELOVL4 to elongate
VLC-SFA relative to VLC-PUFA, which may account
for the different tissue-specific phenotypes presented
by the different ELOVL4 mutations in patients. In other
words, some mutations may significantly affect VLC-
PUFA relative to VLC-SFA biosynthesis and therefore
cause more severe disorders in one tissue relative to
others. Compared with other tissues, the retina has
relatively higher levels of VLC-PUFA. Therefore, it may
take longer to deplete retinal VLC-PUFA to a level that
would cause dysfunction relative to other ELOVL4-
expressing tissues. This possibility may explain why
SCA34 mutations may not cause STGD3.

VLC-PUFA-derived Elovanoids are important in
mitigating cytotoxicity in photoreceptors (123, 159, 188).
RPE atrophy is a hallmark of AMD and STGD3. RPE
toxicity is seen prior to signs of photoreceptor loss in
animal models (168, 169, 182). The retina and specifically
photoreceptor cell survival depends on RPE's efficient
phagocytosis of the distal tips of POS and the recycling
of retinal outer segment components. The STGD3
mutations lead to a truncated protein that is mis-
localized away from the ER and misrouted to the POS.
Thus, the continuous delivery of the STGD3 protein to
the OS and their subsequent uptake by the RPE may in
the long term impair RPE function, and defective
processing of POS materials by the RPE may contribute
to RPE cytotoxicity. Since the STGD3 protein lacks
VLC-PUFA biosynthesis, there are also the additional
factors of age-related loss/depletion of VLC-PUFA and
their Elovanoid derivatives that may serve essential
signaling roles in upregulating prosurvival proteins to
help compensate for any uncompensated oxidative
stress in the RPE. At this stage, it is unclear what factors
contribute to retinal and RPE defects in STGD3. How-
ever, based on the current evidence, it appears that
photoreceptors VLC-PUFA deficits due to expression
of STGD3 are detrimental to the RPE, leading to RPE
toxicity and subsequent photoreceptor cell death. The
decline in visual activity as measured by ERG in most
STGD3 transgenic animal models may primarily be a
result of photoreceptor dysfunction due to depletion of
VLC-PUFA. Thus, photoreceptor-induced RPE toxicity
may be a fundamental cause of STGD3.

In SCA34 and mutant ELOVL4-related seizures, we
now understand that the enrichment of VLC-SFA in
synaptic vesicles is important for brain function (68). Of
interest, Elovl4 Chx10-cKO retinas had a reduction in syn-
aptic vesicle number and diameter in rod presynaptic
terminals and abnormal changes in synaptic function in
the neural retina (133). These features suggest that, apart
from VLC-PUFA, VLC-SFA may play a role in synaptic
function in the retina. We also know that an age-
dependent increase in methylation of the promoter re-
gion of ELOVL2 is an underlying cause for decreases in
14 J. Lipid Res. (2021) 62(C) 100030
biosynthesis of LC-PUFA, which in turn would affect the
levels of tissue VLC-PUFA as we age. Thus, we hypothe-
size the following: (1) As we age, epigenetic modification
of the regulatory and coding regions of genes essential
for retinal lipid biosynthesis coupledwithSNPs that cause
decreased expression of lipid biosynthesis genes lead to
an age-related decrease in essential retinal lipid levels; (2)
The decrease in essential retinal lipids in turn affects
lipid-mediated signaling pathways that are essential for
retinal and RPE function and survival, leading to age-
related vision loss; (3) When mutations such as defects in
ELOVLs are involved, there are earlier retinal pathol-
ogies, as seen in patients with STGD3 and SCA34.
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