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Abstract We hypothesized that reduction/loss of very long
chain PUFAs (VLC-PUFAs) due to mutations in the ELOn-
gase of very long chain fatty acid-4 (ELOVL4) protein con-
tributes to retinal degeneration in autosomal dominant
Stargardt-like macular dystrophy (STGD3) and age-related
macular degeneration; hence, increasing VLC-PUFA in the
retina of these patients could provide some therapeutic ben-
efits. Thus, we tested the efficiency of elongation of C20-
C22 PUFA by the ELOVL4 protein to determine which
substrates are the best precursors for biosynthesis of VLC-
PUFA. The ELOVLA4 protein was expressed in pheochromo-
cytoma cells, while green fluorescent protein-expressing and
nontransduced cells served as controls. The cells were
treated with 20:5n3, 22:6n3, and 20:4n6, either individually
or in equal combinations. Both transduced and control cells
internalized and elongated the supplemented FAs to C22-
C26 precursors. Only ELOVL4-expressing cells synthesized
C28-C38 VLC-PUFA from these precursors. In general,
20:5n3 was more efficiently elongated to VLC-PUFA in the
ELOVL4-expressing cells, regardless of whether it was in
combination with 22:6n3 or with 20:4n6. In each FA treat-
ment group, C34 and C36 VLC-PUFAs were the predomi-
nant VLC-PUFAs in the ELOVL4-expressing cells.Hi In
summary, 20:5n3, followed by 20:4n6, seems to be the best
precursor for boosting the synthesis of VLC-PUFA by
ELOVILA4 protein.—Yu, M., A. Benham, S. Logan, R. S. Brush,
M. N. A. Mandal, R. E. Anderson, and M-P. Agbaga. ELOVL4
protein preferentially elongates 20:5n3 to very long chain
PUFAs over 20:4n6 and 22:6n3. J. Lipid Res. 2012. 53:
494-504.
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Very long chain PUFAs (VLC-PUFAs) are FAs of the n3
and nb6 series with greater than C26 carbons. These unique
groups of FAs are found mostly in the retina, brain, testis,
and spermatozoa (1-5). Their extremely long carbon chains
with poly methylene-interrupted cis double bonds that are
prone to oxidative damage, coupled with their low occur-
rence in tissues in which they are found, make them diffi-
cult to analyze. Hence, little progress has been made in
understanding the roles of VLC-PUFA in tissues (6). We
now know that the biosynthesis of VLC-PUFA is catalyzed
by the ELOngase of very long chain FA-4 (ELOVL4) from
C26 precursors that are derived through a series of elonga-
tions and desaturations of shorter chain essential PUFAs.
Common essential PUFAs include 18:2n6 (linoleic acid,
LA), 18:3n3 (a-linolenic acid, a-LA) (7-9), eicosapen-
taenoic acid (EPA, 20:5n3), docosapentaenoic acid (22:5n3),
docosahexaenoic acid (DHA, 22:6n3), and arachidonic
acid (AA, 20:4n6), from which C26 PUFA precursors are
generated utilizing seven different elongase and FA desat-
urase enzymes (Fig. 1) (10-13).

No VLC-PUFAs are found in the liver or plasma because
the liver does not express the ELOVLA4 protein, suggesting
that VLC-PUFAs are synthesized in situ from available C18-
C26 PUFA precursors in ELOVL4-expressing tissues (14).
When present, the VLC-PUFAs are generally found in
amide bond linkages with ceramides and sphingomyelin
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in testis and sperm, or esterified to the sn-I position of
phosphatidylcholine (PC) in the retina (15-19).

EPA and DHA, which are precursors for the biosynthe-
sis of VLC-PUFA, are major dietary n3 long-chain PUFAs
(LC-PUFAs) of important physiological significance in
tissues. The highest body concentration of 22:6n3 per
unit weight is found in the phospholipids of retinal pho-
toreceptor outer segments (20, 21). EPA is found in cho-
lesteryl esters, triglycerides, and phospholipids of plasma,
but is not found in tissues in substantial amounts; it has
always been assumed to be efficiently used in 22:6n3 or
eicosanoid biosynthesis (20, 22, 23). AA, which is mostly
acquired from the diet or synthesized through elonga-
tion and desaturation of 18:2n6, is the major n6
LC-PUFA of the neural and vascular tissues of the retina
and brain (22). Over the decades, much has been done
showing that these LC-PUFAs are necessary for normal
neural development and function (24-32). They also
play significant roles in maintaining cell structure and
physiological function by modulating cell differentiation
and normal growth through signal transduction and cel-
lular metabolism (33-35). Epidemiological studies found
that the dietary intake of LC-PUFA decreases the pro-
gression and risk for age-related macular degeneration
(AMD) (36-41).

The normal ELOVL4 protein is responsible for elonga-
tion of LC-PUFA to VLC-PUFA found in retinal photore-
ceptor cells and in several other tissues (15, 18, 19, 42).
Reduced levels of C32-36 acyl PC have been found in the
retina of genetic mouse models of autosomal dominant
Stargardtlike macular dystrophy (STGD3) (43). These
STGD3 animal models, just as humans with STGD3, even-
tually develop retinal degeneration (43-46) The reduc-
tion in VLC-PUFA in these animals is accompanied by
reduced retinal function as measured by electroretinography

(ERG) and build-up of toxic lipofuscin products in the
retina and retinal pigment epithelium (RPE).

Recent and ongoing studies have reported reduced
levels of VLC-PUFA in aging retinas and in retinas of
donor eyes of patients with history of AMD (42). Hubbard
et al. reported that FAs from red blood cell membranes of
a family of STGD3 patients showed a significant inverse
relationship between the degree of retinal phenotype and
n3 LC-PUFA levels. While patients with severe retinal de-
generation had average 20:5n3 and 22:6n3 levels, patients
with higher levels of 20:5n3 and 22:6n3 had less-severe
retinal phenotypes (47). These studies collectively suggest
that different levels of 20:5n3 and 22:6n3 could influence
the biosynthesis of VLC-PUFA in the retina, which could
in turn lead to the variable phenotypic expression of
STGD3 secondary to ELOVL4 mutation. This reasoning is
supported by an in vivo study in which [’H]20:5n3 or
[’H]22:6n3 was intravitreally injected into rat eyes. While
the [*H]20:5n3 was shown to be actively elongated into
VLC-PUFA up to 34 carbons, 90% of [SH]22:6n3 was es-
terified into retinal phospholipids without further elonga-
tion. It was concluded that 20:5n3 is the preferred substrate
for the synthesis of n3 VLC-PUFA (48). However, at that
time, the elongase responsible for converting the 20:5n3
to the VLC-PUFA was not known. Studies from our labora-
tory confirmed that ELOVL4 is the enzyme necessary for
elongating C26 PUFA, generated from elongation of the
20:5n3 and 22:5n3, to VLC-PUFA (10). Recent studies
have supported these findings and revealed that Zebra
fish possess two genes encoding putative ELOVL4a and
ELOVLA4b proteins, with the latter having activity toward
20:5n3 and 22:5n3 but not 22:6n3 (13). Also, the Atlantic
salmon ELOVL4 protein has been shown to effectively
elongate C24-C26 polyunsaturated FAs to polyenoic prod-
ucts up to C36 (49). All of these findings collectively
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suggest that VLC-PUFAs play important but yet to be de-
termined physiological and/or structural roles in tissues
where they are found.

We are interested in understanding the biosynthesis
and possible physiological, molecular, and structural role
of VLC-PUFAs in the tissues in which they are found, since
inheritance of mutations in the ELOVL4 gene leads to ju-
venile onset of retinal degeneration in STGD3 patients.
We hypothesized that reduced levels of VLC-PUFA may be
one of the underlying causes of retinal degeneration seen
in STGD3 patients and sought to determine the efficiency
of elongation of n3 and n6 C20-C22 PUFA by the ELOVL4
protein. We over-expressed recombinant ELOVL4 protein
in pheochromocytoma cells (PC12s) and treated them
with the precursors needed for the biosynthesis of VLC-
PUFA. Using improved analytical and quantitative meth-
ods, we determined the efficiency of elongation of
LC-PUFA to VLC-PUFA by the ELOVL4 protein and con-
firmed that 20:5n3 is indeed preferred over 22:6n3 and
20:4n6 as the substrate of VLC-PUFA biosynthesis. Under-
standing the mechanisms that favor the incorporation of
one precursor over another and what roles the VLC-PUFAs
play in the retina and other tissues will contribute to our
efforts in finding therapeutic treatments for STGD3 patients
and the more-prevalent AMD.

EXPERIMENTAL PROCEDURES

Materials

PCI12 cells were purchased from American Type Culture Col-
lection (Manassas, VA). Plasmids were isolated with NucleoBond
plasmid isolation kit (Clontech Laboratories, Inc.; Mountain View,
CA). Adenovirus shuttle and acceptor vectors (plp Adeno X
Expression Systems 2 with Creator technology) were purchased
from Clontech. Ad5-GFP under control of the cytomegalovirus
promoter was kindly provided by Dr. Daniel J. J. Carr (University
of Oklahoma Health Sciences Center; Oklahoma City, OK). Rab-
bit polyclonal green fluorescent protein (GFP) antibody was pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA)
and the actin antibody was from Novus Biologicals (Littleton,
CO). The sodium salts of 20:5n3 and 20:4n6 were >99% pure (as
determined by gas liquid chromatography on the methyl ester)
and were purchased from Nu-Chek Prep, Inc. (Elysian, MN). The
sodium salt of 22:6n3 at =95% purity was purchased from Sigma
Chemical Co. (St. Louis, MO). Complete mini, EDTA-free pro-
tease inhibitor tablets were purchased from Roche Applied Sci-
ences (Indianapolis, IN). All tissue culture reagents were from
Invitrogen Corporation (Carlsbad, CA). All other reagents in-
cluding those for FA extraction and derivatization were of high
quality, available from Sigma.

Construction of recombinant adenovirus carrying
mouse ELOVLA

Recombinant adenovirus carrying the mouse Elovl4 gene was
constructed using AdenoX Expression Systems 2 with the Cre-
ator technology (Clontech) as previously described (10). The
recombinant viruses were prepared as high-titer stocks through
the propagation in HEK293 cells by double cesium chloride pu-
rification, and dialyzed against a 10 mM Tris buffer (pH 8.0) that
contained 80 mM NaCl, 2 mM MgCl2, and 10% glycerol (50).
Infectious adenovirus titer was determined in triplicate by
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plaque-forming assay and expressed as plaque-forming units
(pfu) per ml.

Cell culture, viral transductions, and FA treatments

PCI2 cells were cultured using standard tissue culture proce-
dures. The cells were dissociated and plated at 2 x 10° cells in
10 cm tissue culture plates in DMEM supplemented with 10%
(v/v) heatinactivated horse serum, 5% (v/v) heat-inactivated FBS,
100 U/ml penicillin, and 100 U/ml streptomycin. Cells were
maintained at 37°C in a humidified atmosphere of 95% air and
5% CO,. The following day, the cells were transduced with either
the Ad5-GI'P (control) or Ad5-Elovl4 by adding viral particles at a
concentration of 1 x 10* to 2 x 10* pfu/(ml) to the culture me-
dium containing 2% (v/v) FBS (51, 52). After 24 h of incubation,
the infection medium was replaced with normal culture medium
containing 15% (v/v) serum. FAs were supplemented as sodium
salts of the respective FAs conjugated to BSA fraction V. To the cells,
30-40 pg/ml of individual FA and combinations at 15-20 pug/ml
for each FA were added. After incubation with FAs for 48 or 72 h,
cells were washed in PBS containing 50 wM FA-free BSA fraction
V and then washed two times with PBS only. The cells were then
scraped and stored as pellets at —80°C until used.

RNA isolation and cDNA synthesis

RNA was isolated and purified from PC12 adenovirus-trans-
duced cells using the PureLink Micro to Midi Total RNA Puri-
fication System from Invitrogen Life Sciences (Carlsbad, CA),
following the manufacturer’s protocol. Equal quantities (1.0 pg)
of total RNA from cells were converted to first-strand cDNA using
SuperScript III First-Strand Synthesis SuperMix (Invitrogen) for
quantitative real-time PCR (qRT-PCR). The firststrand cDNA
was used for quantitative and normal RT-PCR. Degenerate prim-
ers for Elovll-5, delta-5-desaturase (A5D or fatly acids desaturase I,
FADSI), and delta-6-desaturase (A6D or falty acids desaturase 2;
FADS2) were used. We used the housekeeping gene RPLI9 that
was designed to amplify human, mouse, and rat cDNAs for RT-
PCR. Primers were designed in such a way that they spanned at
least one intron so as to eliminate the chance of amplifying re-
sidual genomic DNA contaminations. Quantitative PCR and
melt-curve analyses were performed using iQ) SYBR Green Super-
mix (Bio-Rad; Hercules, CA) and an iCycler machine. Expression
data were calculated from three independent samples, each with
three qRT-PCRs, and are presented relative to the expression of
RPL19 (mean + SD).

Western blot analysis

PC12 cells transduced with Ad5-Elovl4, Ad5-GFP, or nonin-
fected controls were collected and lysed in 200 wl of lysis buffer
containing 20 mM TrissHCl (pH 7.4), 100 mM NaCl, 1 mM
EDTA, complete protease inhibitor, and 1% Triton X-100. The
lysates were briefly sonicated on ice, incubated with gentle rock-
ing at 4°C for 1 h, and centrifuged at 27,000 g for 30 min at 4°C.
Supernatants were collected, and protein concentrations deter-
mined by the bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific; Rockford, IL). Equal amounts of protein (30 png) were
separated by SDS/PAGE on 12% polyacrylamide gels, followed by
electro-transfer to nitrocellulose membranes. The membranes were
blocked with 5% nonfat dry milk and incubated with custom-made
rabbit polyclonal ELOVL4 antibodies (Bethyl Laboratories, Inc.;
Montgomery, TX) at 1:1,000 dilution. Membranes were stripped
and reprobed with a polyclonal antibody against GFP (Santa Cruz
Biotechnology, CA) at 1:1,000 and then with the monoclonal anti-
body against B-actin (Sigma-Aldrich; St Louis, MO). Immunore-
action of horseradish peroxidase-conjugated donkey anti-rabbit
or goat anti-mouse IgG secondary antibodies was detected by



using Super-Signal West Dura Extended Duration Substrate
(Pierce; Rockford, IL).

FA extraction

Total lipids were extracted from about 2.0 mg of protein fol-
lowing the method of Bligh and Dyer (53) with minor modifica-
tion (54). The purified lipid extract was stored under nitrogen
until used. To the purified lipid extracts, 50 nmol of 15:0, 17:0,
23:0 each and 4 nmol of 30:3n6 were added as internal standards.
One milliliter of 16.6% concentrated HCI in methanol was then
added and the tubes were sealed under Ny with Teflon-lined caps
and heated at 100°C overnight. The tubes were cooled on ice and
FA methyl esters (FAMEs) were extracted and processed as previ-
ously reported (10).

Lipid analysis by GC-MS

FAMEs were identified using an Agilent Technologies 7890A
gas chromatograph (GC) with a 5975C inert XL mass spectrom-
eter (MS) detector (Agilent Technologies; Santa Clara, CA). The
GC-MS was operated in the electron impact total-ion and single-
ion monitoring (SIM) modes. The injection volume was 1 pl and
the inlet, held at 280°C, was set to pulsed splitless mode. An Agi-
lent Technologies DB-23 column (60 m x 0.32 mm x 0.25 pm)
was used with a helium carrier gas flow rate of 1.9 ml/min. The
oven temperature began at 130°C for 1.0 min, was ramped to 170°C
at 6.8°C/min, and then ramped to 215°C at 2.9°C/min. After
holding at 215°C for 11.4 min, the oven was ramped to 230°C at
42°C/min and held for 9.6 min. The oven was then ramped to
290°C at 10°C/min and held for 14.4 min. The MS transfer line,
ion source, and quadrupole temperatures were 290°C, 230°C, and
150°C, respectively. The PUFAs were identified by using the m/z
ratios 79.1, 108.1, and 150.1 in SIM mode and the full scan mass
spectra in total-ion mode.

FAMEs were quantified using an Agilent Technologies 6890N
GC with flame ionization detector (FID). Sample concentrations
were determined by comparison to internal standards 15:0, 17:0,
23:0, and 30:3n6. The injection volume was 1 pl and the inlet,
held at 280°C, was set to pulsed split mode (10:1 ratio). An Agi-
lent Technologies DB-23 column (60 m x 0.32 mm x 0.25 pm)
was used with a hydrogen carrier gas constant pressure of 13.1
psi. The oven temperature began at 130°C for 0.8 min, was
ramped to 170°C at 8.2°C/min then ramped to 215°C at 3.5°C/
min. After holding at 215°C for 9.5 min, the oven was ramped to
230°C at 50°C/min and held for 8 min. The oven was then
ramped to 290°C at 12.0°C/min and held for 12 min. The FID
was held at 290°C.

We also tried analyzing pentylfluorobenzyl derivatives of VLC-
PUFA utilizing negative-ion chemical ionization GC-MS, which
would have shown intact (no fragmentation) molecular ions and
would provide for a better means of quantification compared
with flame ionization detection (55). However, with our current
analytical methods, it seems that adding such a relatively large
(compared with a methyl group) functional group to already
heavy, nonvolatile VLC-PUFA molecules made it unsuitable to go
through the GC system under reasonable analytical conditions.
We are currently exploring methods and means that will allow
us to quantify intact VLC-PUFA molecules by using electrospray
ionization MS-MS or liquid chromatography MS-MS.

Statistical analysis

Statistical analyses were done using StatSoft Inc., Statistica
2000 and GraphPad Prism 5 software. Results are expressed as
the mean + SD. Differences were assessed by multivariate ANOVA
followed by posthoc Scheffe test. All relative mol%s (+SD, n = 3)
of n3 and n6 LC-PUFA and VLC-PUFA are from the total lipids

extracted from sample homogenates equivalent to 2.0 mg of
protein and were converted to FAMEs and quantified using GC-
FID. Statistically significant differences are indicated as (*) for
$<0.05, (%) for p< 0.01, and (***) for p< 0.001, whereas # indi-
cates no significant difference (p > 0.05). Error bars represent
mean = SD (n =3).

RESULTS

Expression profile of FA elongase and desaturase
enzymes in PC12 cells

Initial studies were done in four different cell lines,
namely immortalized hepatocytes (Hep2G), PC12 cells,
mouse retinal cone photoreceptor-derived 661W cells,
and the retinoblastoma cell line Y-79. Although the retinal
cell lines have the machinery for VLC-PUFA biosynthesis,
we excluded them because they endogenously express
relatively higher levels of the ELOVL4 protein, which
could affect the interpretation of our results. Because the
major pathological phenotype seen in humans with muta-
tions in the ELOVL4 gene is restricted to retinal neurons
(photoreceptors), we chose PCI12 cells, which are easily
differentiated to neuronal cell lineage, can be easily trans-
duced with viral particles, and have been extensively em-
ployed as a model system for neuronal differentiation and
neuronal FA metabolism (56, 57). The expression profile
of PC12 cell FA elongase and FA desaturase genes involved
in VLC-PUFA biosynthesis was determined by using qRT-
PCR (Fig. 2A). Expression levels of endogenous Elovll, -2,
and -4 were almost the same in all treatment groups. The
endogenous level of Elovl5 was higher than that of endog-
enous Elovl1-4; however, Elovl3 expression levels were very
low. FA desaturase 1 (FadsI) levels were higher than those
of Fads2. However, when the PC12 cells were transduced
with Ad5-Elovl4, the expression levels of ELOVL4 protein
in the cells were increased by 40-fold when compared with
expression levels in the control cells (nontransduced and
Ad5-GIFP-transduced cells) (Fig. 2A). The previously de-
scribed affinity-purified rabbit polyclonal ELOVL4 anti-
bodies (10) that recognize both mouse and rat ELOVL4
protein were used to confirm the ELOVL4 protein expres-
sion by using Western blot analysis (Fig. 2B). Although
qRT-PCR results suggest that the PC12 cells express Elovl4
message, we did not have any detectible ELOVL4 protein
in these cells (Fig. 2).

ELOVILA protein elongates 20:5n3 and 22:6n3 to n3
VLC-PUFA

We have previously shown that the ELOVL4 protein ex-
pressed in cultured neonatal rat cardiomyocytes and hu-
man ARPE-19 cells is capable of elongating 20:5n3 and
22:5n3 into a series of n3 VLC-PUFAs (10). However, at
that time, we could not accurately quantify the amount of
VLC-PUFA synthesized because of lack of appropriate
VLC-PUFA internal standards. In this study, we used chem-
ically synthesized 30:3n6 (58), which is not present in any
mammalian tissue, as an internal standard to quantify
VLC-PUFA in PC12 cells supplemented with 20:5n3,
22:6n3, and 20:4n6. In the absence of FA treatment,
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Fig. 2. Gene expression profile of Elovl1-5, fatty acid desaturase-1 (FADSI or D5 desaturase), and fatty acid de-
saturase-2 (FADS2 or D6 desaturase) in PC12 cells using qRT-PCR and Western blots. A: Comparison of quan-
titative expression of different genes involved in the n3 and n6 FA elongation pathway in PC12 cells presented
relative to the expression of the housekeeping gene RPLI19. The values represent the mean + SD (n = 3) after
normalizing with RPL19 calculated by the comparative threshold cycle method. Significant expression of
ELOVL4 was observed in transduced ELOVL4expressing PC12 cells. B: Western blots of the expression of
ELOVLA4, GFP, and B-actin in PC12 cells showed abundant ELOVL4 protein expression.

ELOVLA4-transduced PC12 cells had low levels of elonga-
tion products of n3 VLC-PUFA, whereas the control cells
(nontransduced and Ad5-GFP-transduced cells) did not
have any detectible VLC-PUFA products. The relative mol%s
of the major elongation products include 0.18% 32:5n3,
0.13% 34:5n3, and 0.14% 36:5n3 (see supplementary Fig.
IA). These products were derived either from elongation
of VLC-PUFA precursors in the cells or from the FAs present
in the serum that were part of the culture medium. Forma-
tion of VLC-PUFA in the ELOVL4 protein-expressing cells,
but not in control cells, was accompanied by reductions in
20:4n3, 22:5n3, 22:6n3, and 24:5n3 (Fig. 3A). Also, 34:6n3
and 36:6n3, which might be from elongation of 22:6n3 or
through activity of FADS2 protein on 34:5n3 and 36:5n3,
respectively, were detected in the ELOVL4-transduced cells
(see supplementary Fig. IA). No significant presence of n6
VLC-PUFA was detected in the ELOVL4-transduced cells,
although the precursor, 20:4n6 (~3%), was present in both
control and ELOVL4-transduced cells (Fig. 3B).

When the PC12 cells were treated with the sodium salt of
20:5n3 conjugated to BSA fraction V, the ELOVL4-trans-
duced cells and controls took up the FA in almost the same
amounts (Fig. 4A). There was 13% 20:5n3 in both PC12
controls and GFP-expressing cells but 11% in ELOVL4-ex-
pressing cells (Fig. 4A). The 20:5n3 precursor was elongated
independently of the ELOVL4 protein to 22:5n3, which ac-
counts for 10% (relative mol% of the total FAs) in PC12
cells, 10% in GFP-expressing cells, and 9% in ELOVL4-ex-
pressing cells. This elongation is probably catalyzed by the
endogenously expressed elongases ELOVL5 or ELOVL2
(12, 59, 60). There was no significant difference in the levels
of 20:5n3 and 22:5n3 between the two control groups, which
supports our earlier findings that the mouse ELOVL4 pro-
tein does not appear to elongate C20-C22 LC-PUFA when
20:5n3 is used as the precursor (61). Also, 24:5n3 was syn-
thesized in both ELOVL4 and control cells (Fig. 4A). Sig-
nificant decreases in the levels of 20:5n3 (P < 0.001) and
22:5n3 (P< 0.01) in ELOVLA4-transduced cells were accom-
panied by increases of 0.06% 28:5n3, 0.06% 30:5n3, 0.12%
32:6n3, 1.55% 34:5n3, and 1.98% 36:5n3 VLC-PUFA (Fig.
4B). The control cells treated with 20:5n3 did not have these
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elongation products (Fig. 4B). There were some 34:6n3 and
36:6n3 FA products, which were probably products from ei-
ther FADS2 desaturase activity on 34:5n3 and 36:5n3 or en-
dogenous 22:6n3 elongation.
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Fig. 3. FA composition of PC12 cells expressing ELOVL4 protein
without FA treatment. Relative mol%s (+SD, n = 3) of n3 and n6
PUFA from total lipids extracted from sample homogenate equivalent
to 2.0 mg of protein were converted to FAME and analyzed by GC-FID.
A: Significant reductions in 20:4n3, 22:5n3, 22:6n3, and 24:5n3 were
present in the ELOVL4-expressing cells but not in the controls.
B: There were no significant changes in n6 LC-PUFA composition in
the ELOVL4-expressing cells, and no n6 VLC-PUFAs were detected.
Statistically significant differences are indicated as (*) for p < 0.05,
(**) for p<0.01, and (***) for p<0.001, whereas # indicates no signifi-
cant difference (p > 0.05). Error bars represent mean + SD (n = 3).
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Fig. 4. PCI12 cells expressing ELOVL4 protein efficiently elon-
gate exogenous supplemented sodium salt of 20:5n3 to n3 VLC-
PUFAs. A: Sodium salt of 20:5n3 conjugated to BSA fraction V were
efficiently taken up at almost the same amounts in the Ad5 Elovl4-
transduced PC12 cells and in control cells. Both 20:5n3 and 22:5n3
were drastically increased in response to 20:5n3 treatment. The
elongation of 20:5n3 to 22:5n3, irrespective of ELOVL4 protein
overexpression, is probably catalyzed by endogenously expressed
elongases like Elovl5 or Elovl2 (60). There were no significant dif-
ferences in the levels of 20:5n3, 22:5n3, or 24:5n3 between the
ELOVL4-expressing and the two control groups. However, the lev-
els of 20:5n3, 22:5n3, and 24:5n3 in the ELOVL4transduced group
were significantly lower than those in the two controls. B: Biosyn-
thesis of n3 VLC-PUFA (C = 28) elongation products occurred in
the ELOVL4 protein-expressing PC12 cells treated with 20:5n3, but
not in the controls. The major products were 34:5n3 and 36:5n3,
which account for 1.5 and 1.98 relative mol% of total FAs, respec-
tively. Statistically significant differences are indicated as (*) for p<
0.05, (**) for p< 0.01, and (***) for p < 0.001, whereas # indicates
no significant difference (p > 0.05). Error bars represent mean +
SD (n=3)..

Considering the fact that 22:6n3 is the most abundant
polyunsaturated FA in retinal phospholipids, one might
expect that its elongation products would be more abun-
dant in the retinal PC species. However, this is not the
case, suggesting that 22:6n3 is either an end-product of
LC-PUFA biosynthesis and not a preferred substrate for
further elongation to VLC-PUFA (48, 62) or it s efficiently
esterified to phospholipids, which makes it unavailable for
further elongation. To determine the relative efficiency of
elongation of 22:6n3 to VLC-PUFA, we treated ELOVL4-
expressing cells with the BSA-conjugated sodium salt of
22:6n3. As shown in (Fig. 5A), ELOVL4-transduced PC12
cells and controls efficiently internalized 22:6n3, which

accounted for 29 relative mol% in the ELOVL4-expressing
cells and 30% and 31% in the nontransduced and Ad>-
GIP+ransduced cells, respectively. While there were no
detectable levels of 22:5n3 in the PC12 cells treated with
22:6n3, the levels of 20:5n3, a retro-conversion product of
22:6n3, were slightly greater in the PC12 cells treated with
22:6n3 than in PC12 cells without 22:6n3 treatment (data
not shown). The levels of 24:6n3 and 26:6n3 synthesized
from 22:6n3 were increased in the ELOVL4-expressing
cells compared to controls (Fig. 5B), however, we did not
observe a corresponding increase in levels of 24:5n3 and
26:5n3 in 20:5n3 treated cells.

Also, increased levels of 0.12% 32:6n3, 0.27% 34:6n3, and
0.18% 36:6n3 VLC-PUFA were found in the ELOVL4-ex-
pressing cells but not in the controls (see supplementary
Fig. IB). These values are much lower than those seen after
20:5n3 supplementation (Fig. 4B). Low amounts of 34:5n3
(0.07%) and 36:5n3 (0.08%) were also present in the
ELOVL4-expressing cells but not in controls. These are
from either 20:5n3 retro-converted from 22:6n3 or from se-
rum FAs present in the culture medium. Similar results were
obtained in Hep2G-expressing cells (data not shown).

20:4n6 is efficiently elongated to n6 VLC-PUFA by the
ELOVLA4 protein

We next determined the efficiency of the ELOVL4 pro-
tein in elongating the second most abundant retinal LC-
PUFA, 20:4n6, to n6 VLC-PUFA. The cells efficiently took
up the supplemented 20:4n6 and elongated it to 22:4n6
independent of ELOVL4 expression (Fig. 6A). Relatively
higher levels of 24:4n6 and 26:4n6 were synthesized in the
ELOVLA4-transduced cells than in the controls (Fig. 6B).
The main VLC-PUFA products from 20:4n6 elongation in
the ELOVL4-transduced cells included 0.04% 28:4n6,
0.04% 30:4n6, 0.13% 32:4n6, 2.26% 34:4n6, 1.38% 36:4n6,
and 0.41% 38:4n6 (see supplementary Fig. IC). The desatu-
rase activity of FADS2 on 20:4n6 and its elongation prod-
ucts were not evident, since there were no n6 VLC-PUFAs
with 5-double bonds. The major elongation products were
34:4n6 and 36:4n6, representing 2.3 and 1.4 mol%,
respectively.

Elovl4 preferentially elongates 20:5n3 over 20:4n6
and 22:6n3

To determine the elongation efficiency of the ELOVL4
protein for 20:5n3, 20:4n6, and 22:6n3 when supple-
mented in combinations as found in diets and dietary FA
supplements, we treated ELOVL4-expressing cells and the
controls with equal amounts of either 20:5n3 and 22:6n3
or 20:5n3 and 20:4n6.

When supplemented together, 20:5n3 and 22:6n3
were efficiently taken up at almost the same amounts
(15-17%) in the PC12 cells regardless of ELOVL4 ex-
pression (Fig. 6C). Because there was an active elonga-
tion of 20:5n3 to 22:5n3, values of each were added for
the histogram. The ELOVL4-expressing cells elongated
both 20:5n3 and 22:6n3 to a series of n3 VLC-PUFAs.
From 20:5n3, 34:5n3 and 36:5n3 account for 0.85% and
1.11%, respectively (see supplementary Fig. ID). On the
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other hand, 34:6n3 and 36:6n3 were only 0.16% and Similarly, when we supplemented the PC12 cells with equal
0.29%, respectively (see supplementary Fig. ID). The amounts of 20:5n3 and 20:4n6, both FAs were taken up with
total relative mol% of VLC-PUFA synthesized from approximately the same efficiency. There was 12% 20:5n3
20:5n3 was almost four times that of those synthesized plus 22:5n3 in ELOVIL4-expressing cells and 15% 20:5n3

from 22:6n3 (Fig. 6D).

plus 22:5n3 in PC12 and GFP-expressing controls (Fig. 7A).
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Similarly, 14% 20:4n6 plus 22:4n6 was found in ELOVL4-ex-
pressing cells, whereas 15-16% was in the control cells. In
ELOVL4-expressing cells, 0.71% 34:5n3 and 1.6% 36:5n3
were synthesized from 20:5n3 but 0.46% 34:41n6 and 0.61%
36:4n6 from 20:4n6 (Fig. 7B, C). Total amounts of n3 VL.C-
PUFA synthesized from 20:5n3 were twice the amount of n6
VLC-PUFA synthesized from 20:4n6 (Fig. 7D).

DISCUSSION

There are seven elongase enzymes (ELOVL1-7) that
share sequence homologies with the Saccharomyces cerevi-
siae ELO group of enzymes (63, 64). The first and rate
limiting condensation step in a four-step cycling process of
FA elongation is catalyzed in a substrate-specific manner
by the ELOVL enzymes (14, 60, 65). In humans, mutations
in the ELOVL4 gene cause STGD3, which is characterized
by progressive macular degeneration and eventual loss of
vision. The ELOVL4 protein is the only member of the
mammalian ELOVL family of proteins found thus far to
be associated with a human disease. It is also the only elon-
gase that has been shown to mediate biosynthesis of both

saturated and polyunsaturated very long chain FAs (C28-
C40) in different species (10-13, 49, 66). The presence of
VLC-PUFA has been demonstrated in human donor reti-
nas as well (19, 42).

Transgenic and knock-in animal models, expressing the
mutant ELOVL4 protein in the retina, have reduced levels
of retinal VLC-PUFA and develop retinal degeneration
(43-46). Liu et al. (42) found VLC-PUFA in the human
retina and RPE/choroid and reported that DHA and VLC-
PUFA concentrations in AMD retinas were significantly
lower than those in age-matched normal donor retinas.
Because the retina of genetic mouse models of the hu-
man STGD3 has been found to exhibit reduced retinal
function and to accumulate toxic lipid products, we hy-
pothesize that VLC-PUFAs play uniquely important roles
in retinal structure and function and that absence or re-
duction in retinal VLC-PUFA due to mutations in the
ELOVL4 gene may contribute to the development of reti-
nal degeneration in STGD3 patients. If our hypothesis can
be confirmed, then dietary supplementation of VLC-PUFA
may provide both STGD3 and possibly AMD patients with
some therapeutic benefits (10, 43). However, there are no

ELOVILA4 protein preferentially elongates 20:5n3 501



readily/commercially available sources of VLC-PUFA for
such studies to be conducted. The question also remains
as to whether VLC-PUFA provided through the diet can be
absorbed by the enterocytes in the small intestine and
packaged into chylomicrons for subsequent delivery and
incorporation into target tissues such as the retina, since
these FAs are not normally found in the liver and the
blood. We do not have answers to these questions at the
moment. However, we explored the possibility of finding
the most suitable n3 or n6 dietary precursors of VLC-PUFA
that could help increase the levels of VLC-PUFA in the
retina of STGD3 patients with the hope that increasing
retinal levels of VLC-PUFA will help protect or attenuate
the rate of retinal degeneration in these patients.

We focused our attention on n3 LC-PUFAs, especially
20:5n3 and 22:6n3, as well as the n6 LC-PUFA 20:4n6,
inasmuch as some of these FAs have been examined in
clinical trials involving patients with AMD or retinitis pig-
mentosa with promising results (67-71). Also, in animal
models, n3 PUFA supplementation has been shown to
enhance (72) or prevent the reduction in ERG a- and
b-wave amplitudes after transient ischemia (73, 74). Di-
etary n3 PUFAs have also been shown to be effective in
suppressing inflammation and in reducing the incidence
of arteriosclerosis and heart failure by lowering plasma
triglycerides and blood pressure (75, 76). Thus, we evalu-
ated which of the LC-PUFAs are metabolically active pre-
cursors for the synthesis of VLC-PUFA using cell cultures
as a first step to eventually determine whether dietary sup-
plementation of these FAs could provide beneficial effects
to STGD3 patients, as has been shown for AMD patients in
some of the Age-Related Eye Disease Study (AREDS) stud-
ies (37, 39).

We found that 20:5n3, 22:6n3, and 20:4n6 can be meta-
bolically converted to VLC-PUFA when provided individu-
ally to PC12 cells expressing Elovl4. The supplemented
C20-C22 FAs were efficiently elongated to C26 VLC-PUFA
by endogenously expressed ELOVLI, 2, 5 proteins, but
possibly very little by ELOVL3 protein, because low levels
of Elovl3 were detected in the PC12 cells (60). It was inter-
esting, however, that although the endogenous levels of
Elovl4 were not very different from the other Elovls, it did
not demonstrate any elongation activity on the supple-
mented FAs in the control cells. This suggests that the
catalytic ability of the ELOVL4 protein to synthesize VLC-
PUFA might be concentration dependent, as demon-
strated in the biosynthesis of 24:5n3, 26:5n3, 24:4n6, and
26:4n6 (Figs. 5B and 6B).

As we have demonstrated, the ELOVL4 protein is capa-
ble of efficiently elongating individually supplemented
FAs to VLC-PUFA. The major point of our study, however,
is that when the FAs are supplemented in combinations,
the ELOVL4 protein preferentially elongates C26 elonga-
tion products of 20:5n3 > 20:4n6 > 22:6n3. These findings
are consistent with the finding that Atlantic salmon (Salmo
salar) Elovl4 synthesized greater amounts of VLC-PUFA
from 20:5n3 than from 20:4n6 and 22:6n3 (49). Whether
supplemented individually or in combination with 20:5n3,
most of the 22:6n3 seems to be more efficiently esterified
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into phospholipids and hence may not be available for
elongation, whereas 20:5n3 and 20:4n6 are more readily
converted to VLC-PUFA. If loss or reduction in VLC-PUFA
plays a role in STGD3 progression, our findings may help
explain why increased levels of 22:6n3 in the retina of
transgenic mice carrying the human ELOVL4 5-base pair
deletion mutation did not rescue the rate of retinal degen-
eration in these mice (77). Similarly, our results also shed
light on the findings that when Elovl2 knockout mice were
fed diets enriched in 22:6n3, significant amounts of the
22:6n3 were found in the liver and plasma, but little 22:6n3
was elongated to VLC-PUFA in the testis, and thus was un-
able to rescue infertility associated with loss of VLC-PUFA
(78). An in vivo study also presented evidence that 20:5n3
is the preferred substrate for the synthesis of retinal VLC-
PUFA (48). These findings have led us to conclude that
although supplementation of 22:6n3 may be beneficial, as
shown in some of the AREDS studies, 22:6n3 supplemen-
tation alone in STGD3 patients might not be a potential
therapy. We suggest that if absence of VLC-PUFA contrib-
utes to the rate of retinal degeneration in STGD3 patients,
and VLC-PUFA synthesis is much more efficiently achieved
through elongation of 20:5n3 and 20:4n6, then early di-
etary supplementation of 20:5n3 and/or 20:4n6 in STGD3
patients may help slow the onset of retinal degeneration.
One major caveat to this suggestion, which needs to be
critically evaluated, is that we are driving the expression of
the Elovl4 gene in the PC12 cells, a cell type that has no or
low levels of ELOVL4 protein expression. As a result, the
natural transcriptional, translational, and FA metabolic
control mechanisms may be subverted in these cells and
may not hold true in vivo in Elovi4-expressing cells such as
the retina, skin, and testis. Also, the presence of the mu-
tant protein in STGD3 patients could have an effect on the
biosynthetic activity of the wild-type protein in vivo. How-
ever, our results provide an important indication on the
selection of possible FAs for dietary supplementations in
patients with ELOVL4 mutations, inasmuch as some sub-
strates are preferentially elongated over others by this en-
zyme. We are currently evaluating this possibility in animal
models of STGD3 to determine whether indeed in vivo
supplementation of 20:5n3 and 20:4n6 will offer some
therapeutic benefits to STGD3 patients. i
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