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ELOVL2 controls the level of n-6 28:5 and 30:5 fatty
acids in testis, a prerequisite for male fertility and sperm

maturation in mice

Damir Zadravec,* Petr Tvrdlk Herveé Gulllou,§ Richard Haslam,** Tsutomu Kobayashi, *
Johnathan A. Napier,** Mario R. Capecchi,’ and Anders Jacobsson"*

The Wenner-Gren Institute,* Arrhenius Laboratories F3, Stockholm University, Stockholm, Sweden; Howard
Hughes Medical Institute,’ University of Utah, Salt Lake City, UT; Laboratoire de Pharmacologie et
Toxicologie,§ Institut National de la Recherche Agronomique, Toulouse, France; and Department of
Biological Chemistry,** Rothamsted Research, Harpenden, United Kingdom

Abstract ELOVL2 is a member of the mammalian mi-
crosomal ELOVL fatty acid enzyme family, involved in the
elongation of very long-chain fatty acids including PUFAs
required for various cellular functions in mammals. Here,
we used ELOVL2-ablated (Elovl2™ ”~ ) mice to show that the
PUFAs with 24-30 carbon atoms of the w-6 family in testis
are indispensable for normal sperm formation and fertility
in male mice. The lack of Elovl2 was associated with a com-
plete arrest of spermatogenesis, with seminiferous tubules
displaying only spermatogonia and primary spermatocytes
without further germinal cells. Furthermore, based on
acyl-CoA profiling, heterozygous Elovl2”~ male mice exhib-
ited haploinsufficiency, with reduced levels of C28:5 and
C30:5n-6 PUFAs, which gave rise to impaired formation and
function of haploid spermatides. These new insights reveal
a novel mechanism involving ELOVL2-derived PUFAs in
mammals and previously unrecognized roles for C28 and
C30 n-6 PUFAs in male fertility. In accordance with the func-
tion suggested for ELOVL2, the Elovl2™’~ mice show dis-
torted levels of serum C20 and C22 PUFAs from both the
n-3 and the n-6 series.lll However, dietary supplementatlon
with C22:6n-3 could not restore male fertility to Elovl2"”
mice, suggestmg that the changes i in n-6 fatty acid composi-
tion seen in the testis of the Elovl2” mice, cannot be com-
pensated by increased C22:6n-3 content.—Zadravec, D., P.
Tvrdik, H. Guillou, R. Haslam, T. Kobayashi, J. A. Napier, M.
R. Capecchi, and A. Jacobsson. ELOVL2 controls the level
of n-6 28:5 and 30:5 fatty acids in testis, a prerequisite for
male fertility and sperm maturation in mice. J. Lipid Res.
2011. 52: 245-255.
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Essential fatty acids, i.e., linoleic (C18:2n-6) and o-lino-
lenic acid (C18:3n-3), which are prerequisites for normal
growth, development, and function in mammals, cannot
be synthesized de novo and, as such, have to be derived
from diet (1). Subsequently, the C18:2n-6 and C18:3n-3
fatty acids can be converted into other PUFAs through a
series of elongation and desaturation steps performed by
distinct enzymes residing in the endoplasmic reticulum
(2). Desaturation steps are performed by the A5- and A6-
desaturases, while chain elongation is controlled by the
elongation of very-long-chain fatty acid (ELOVL) enzymes,
ELOVL2, ELOVL4, and ELOVL5. ELOVILA4 is believed to
be involved in the elongation of PUFAs in the retina, brain,
skin, and testis (3). Using cultured cells that overexpress
this protein, it has been shown that ELOVL4 is involved in
the synthesis of saturated C28 and C30 very-long-chain
FA (VLCFA), as well as polyunsaturated C28-C38 VLC-
PUFAs such as the C34:6n-3 and C36:6n-3 fatty acids (4).
ELOVL5 predominantly elongates C18 PUFAs up to 22
carbons in length, while ELOVL2 has been shown to be
involved in the elongation of C20 and C22 PUFA in order
to produce C24:4n-6 and C24:5n-3 PUFAs (5-7). These
latter two are also recognized as precursors for docosap-
entaenoic acid (C22:5hn-6) and docosahexaenoic acid
(DHA) (C22:6n-3) synthesis, respectively, via the so-called
Sprecher pathway, which includes one step of 3 oxidation/
chain shortening (8).

To assess the in vivo function of ELOVL2, we generated
Elovl2”™ and Elovl2”’~ mice by homologous recombination

Abbreviations: DHA, docosahexaenoic acid; dNTP, deoxynucleo-
side triphosphate; ELOVL, elongation of very-long-chain fatty acid
(protein); ES, embryonic stem (cells); FAME, fatty acid methyl ester;
Hz, heterozygous; KO, knockout; TK, thymidine kinase; VLCFA, very-
long -chain FA.
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and present evidence that ELOVL2 is essential for the for-
mation of C24:5n-6 to C30:5n-6 PUFAs in testis and that
these fatty acids are indispensable for normal spermato-
genesis and fertility.

EXPERIMENTAL PROCEDURES

Elovl2 gene targeting

Genomic liver DNA from the 129/Sv mouse strain was used to
isolate the Elovl2 gene. A 4.8 kb fragment excised with Xhol and a
3.3 kb fragment excised with Spel and HindIII was used for the
targeting construct (Fig. 1A). A 2.4 kb neomycin resistance (neo")
gene fragment was inserted into the construct using Sall, and a
thymidine kinase (TK) cassette was inserted using a Spel site at the
3" end of the Elovl2 targeting construct. The targeting construct
was linearized with Nrul and electroporated into R1 embryonic
stem (ES) cells derived from male 129/Sv agouti mice (9). ES

cells were cultured and subjected to positive/negative selection
using G418 and fialuridine, (FIUA) respectively, and were further
analyzed by Southern blotting (see below). The Elovl2-ablated ES
cells were injected into CH7BL/6] blastocysts, which were im-
planted into foster mothers (F;, CBA x C57/BL6) according to
standard procedures. Male offspring, being the most chimeric,
were bred with C57BL/6] females to generate offspring heterozy-
gous for the mutation.

Southern blot analysis

A 1.5 kb fragment at the 5" end of the targeting construct was
used as a probe to confirm Elovl2 disruption in ES cell clones
and mouse tail DNA. The probe was labeled with a-dCTP
(Amersham Bioscience), using Ready-To-Go DNA labeling beads
(GE Healthcare) for >45 min at 37°C. Probes were purified with
a Sephadex G-50 DNA-grade nick column (GE Healthcare) and
subsequently denatured. In addition, the neo’ fragment was also
used as a probe to confirm a specific targeting event. Approxi-
mately 10 pg of ES cell DNA or mouse tail DNA was digested

A ~ - =
| 2 E | 4 5 | 6 7 8
Wild-type - = . . . -
allele 1kb = = = -‘g‘ Tsi
. % Z I A
Elovi2 2 i | 4 5|
Targeting - neo’ . TK |
construct — = =]
z = -~
2 3 | 4
Elovi2
ablated - I neo’ .
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9.6 kb

KO
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C
+/- -f- +Hf+
128k e “
9.6 kb s* "
E

Wt KO

Fig. 1. Generation of Elovi2-ablated mice. A: Elovl2 gene targeting construct. The neomycin resistance (neo') gene was used to replace a
major portion of exon 3 in the ELOVL2 gene. The mutated Elovl2 allele differs from that of the wild-type by the addition of an internal Nsil
site in the neo” gene. Black boxes represent exons and are numbered (2-8) above. TK, thymidine kinase. Genomic DNA from embryonic
stem cells (B) and tail DNA (C) was digested with Nsi and analyzed with Southern blotting for the mutated Elovl2 allele. Digestion yielded
the 12.8 kb wild-type band and the 9.6 kb targeted band detected by the probe indicated in panel A. Elovl2 expression analysis using real-
time PCR is shown in liver (D) and testis (E). Results are means + SEM of 7 wild-type (Wt) heterozygous (Hz) mice and 2 knockout (KO)

animals. *, P< 0.05; ** P<(.01.
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with Nsil and separated using 1% agarose gel electrophoresis.
DNA was denatured in a solution containing 0.2 M NaOH, 0.6 M
NaCl for 30 min and in a solution of 0.5 M Tris (pH 7.5), 1.b M
NaCl for 30 min. Digested DNA was transferred to Hybond-XL
membrane (Amersham Bioscience) in 20x SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate) overnight and cross-linked
to the membrane using a UV Stratalinker 1800 unit (Strata-
gene). Membranes were prehybridized in a solution of 50%
formamide, 5x SSC, 5x Denhart’s solution, 50 mM sodium phos-
phate, 0.5% SDS, and 1.5 mg of degraded herring sperm DNA
(Sigma Aldrich) at 42°C. After membranes were prehybridized,
they were transferred to a similar solution containing the dena-
tured probe. Hybridization was carried out at 42°C overnight.
Membranes were washed in a mixture of 2x SSC, 0.2% SDS at
room temperature for 15 min and in 0.1x SSC, 0.2% SDS at 43°C
for 15 min and analyzed by phosphorimaging using an FLA-3000
reader (Fuji).

Animals

All animals were housed at 22°C and maintained on a 12 h
light:12 h dark cycle. Animals were fed ad libitum with Rat and
Mouse standard chow (no.l; BeeKay Feeds, B and K Universal,
Stockholm, Sweden) and had free access to water. All studies
were carried out with permission from the Animal Ethics Board
in Stockholm, Sweden.

Dietary supplementation

Male and female Elovl2”” mice were fed a DHA (C22:6n-3)-
enriched diet (19.5% of total) obtained from Polaris (Quimper,
France), for 3 months ad libitum. For the fatty acid composition
of the diet see Table 3.

Quantitative RT-PCR

RNA was isolated with Ultraspec RNA isolation solution (Bio-
site, San Diego, CA), and total RNA was isolated according to the
manufacturer’s procedure. For real-time PCR, 500 ng of total
RNA was reverse transcribed using random hexamer primers, de-
oxynucleoside triphosphates (dNTPs), multiscript, and RNase
inhibitor (Applied Biosystems, Foster City, CA). Complementary
DNA samples were diluted 1:10, and 2 pl aliquots of sample cDNA
were mixed with SYBR Green JumpStart Tag ReadyMix (Sigma
Aldrich), prevalidated primers, and diethyl pyrocarbonate DEPC,
Sigma)-treated water and measured in duplicate for each sample.
Expression analysis was performed with an ABI Prism 7000 se-
quence detection system (Applied Biosystems). Data were nor-
malized to TFIIb or TBP.

MRI measurement
™

In vivo MRI using an EchoMRI-100" ™ machine (Echo Medical
Systems, Houston, TX) was performed in order to measure body
fat and lean contents.

Lipid profiling

Triglyceride and fatty acid assays were performed as previously
described (10). To measure total fatty acid methyl ester (FAME)
molecular species, lipid amounts corresponding to an equivalent
of 3 mg of tissue were extracted in the presence of glyceryl trihep-
tadecanoate (0.5 pug) as an internal standard. Lipid extract was
transmethylated with 1 ml of BF3 in methanol (1/20, v/v) for
150 min at 100°C and evaporated to dryness, and the FAME spe-
cies were extracted with hexane-water, 1:1. The organic phase
was evaporated to dryness and dissolved in 50 ul of ethyl acetate.
One microliter of FAME was analyzed by gas-liquid chromatogra-
phy using a 5890 Hewlett Packard system with Restek Famewax
fused silica capillary columns (30 m x 0.32 mm ID; 0.25 mm film

thickness). Oven temperature changes were programmed from
110°C to 220°C at a rate of 2°C per min, and the carrier gas was
helium (0.5 bar). Injector and detector temperatures were 225°C
and 245°C, respectively.

HPLC Analysis of acyl-etheno-CoA derivatives

Twenty milligram portions of material were frozen in liquid
nitrogen and subsequently extracted for quantitative analysis of
fluorescent acyl-etheno-CoA derivatives by HPLC. Analysis of acyl-
CoA was performed using an Agilent 1100 LC system (LUNA
150 x 3.2 mm C18[2] column; Phenomenex); methodology and
gradient conditions have been described previously (11-13).

Histology

At necropsy, testis and epididymis tissues were fixed in 10% neu-
tral buffered formalin, sectioned, stained with hematoxylin and eo-
sin, and examined by light microscopy for histological evaluation.

RESULTS

ELOVL2 expression is critical for normal male fertility

Real-time quantitative PCR revealed a reduction of al-
most exactly 50% of Elovl2 mRNA transcript in the liver and
testis of the Elovl2”” mice (Fig. 1D, E), indicating an Elovl2
haploinsufficiency in these mice. No transcript was found in
the Elovl2”/~ mice. Breeding of Elovi2”” mice for further
production of Elovl2”’™ mice displayed severe fertility prob-
lems, as shown by reduced production of offspring.

Elovl2”” female and Elovl2"* male mice gave rise to off-
spring of both the Elovl2”* and the Elovi2”~ genotypes in a
normal ratio, while 90% of all Elovl2” ™ males tested (36,40)
were shown to be infertile during their reproductive period
(1 year), and only 2 of the fertile males gave rise to more
than one litter. In addition, heterozygous breeding did
not produce offspring in a normal 1:2:1 Mendelian ratio.
Rather, the ratio between Elovl2”* and Elovl2”” genotypes
was close to 1:1, and of about 300 offspring, only 3 Elovl2 '~
mice (2 males and 1 female) were born. As no indications of
embryonic lethality were observed, this implies a deficiency
of spermatogenesis in Elovl2”~ mice. The two male Elovl2 /™
mice were both sterile, while the female mouse was able to
produce offspring together with wild-type males.

No differences were seen in body weight, fat and lean
contents, or liver weight among the wild-type, Elovl2” ~, and
Elovl2”’~ male mice fed on a standard chow diet (Table 1).
However, the two male Elovl2 ’~ mice exhibited marked
hypogonadism, with testis weight reduced by 60% com-
pared with age-matched controls.

ELOVL2 is essential for normal spermatogenesis

Histological analyses of wild-type testis showed all stages
of spermatogenesis (Fig. 2A—C), and mature spermatozoa
were elongated and displayed a marked hook-shaped head
(Fig. 2C, arrow). In contrast, seminiferous tubules of the
Elovl2™’” mice displayed spermatogonia with numerous
mitoses and primary spermatocytes but lacked further
germinal cells (Fig. 2I-L). The primary spermatocytes
degenerated and formed multinucleate giant cells that
desquamated in the lumen of the seminiferous tubule with
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TABLE 1. Phenotypic com})arison of wild-type, Elovl2" ~,and

Elovl2 " male mice
Parameter Elovl2”* Elovl2”~ Elovl2”* Elovl2™/~
Sex Male Male Male Male
Age (weeks) 14 14 22/52 22/52
Number of mice 7 6 2 2
Body weight (g)  30.7+0.8 30.4+0.7 40.6x09 42.5+6.1
Fat content (g) 4.4+0.8 44+04 11710 122+4.1
Lean content (g) 23.6+0.4 23.1+05 254+0.1 25.4+1.6
Liver weight (g) 1.5+0.1 1.4£0.1 NA NA

Testis weight (g)  0.22+0.01 0.23+0.01 0.25+0.01 0.10 £ 0.02

Characteristics of mice at 14 weeks of age (Elovl2”" and Elovi2” ") or
at 22 and 52 weeks of age (Elovl2" " and Elovl2™ ", respectively) fed on
standard chow diet. Results shown are means = SEM. NA, not analyzed

an incomplete formation of the four haploid spermatides
(Fig. 2K, L, arrows). These changes were observed in every
section of seminiferous tubules of both testicles and were
consistent with bilateral testicular hypoplasia and arrested
spermatogenesis; however, both the Sertoli cells and the
Leydig cells appeared normal in the interstitium.

Testis of the Elovl2”~ male mice showed normal seminif-
erous tubules displaying normal Sertoli cells, and the
Leydig cells in the interstitium were normal; however, het-
erozygote mice displayed abnormal sperm morphology,
with numerous spermatozoa displaying a rounded, con-
densed head (Fig. 2E-G), and the condensed nucleus fre-
quently displayed a small rounded vacuole measuring about
1-2 pm (Fig. 2G, arrowhead). Nonetheless, sperm were sub-
sequently released into the lumen and attained normal fla-
gellar movement. The epididymis of the Elovl2”” mice
showed the presence of numerous spermatozoa, which, as
in the seminiferous tubules, displayed rounded and con-
densed heads (Fig. 2H). No obvious differences were no-
ticed in total number of sperm, which is in line with the
normal testis weight found in heterozygote mice. Together,
these data show that the impaired fertility in Elovi2 /" and
Elovl2”~ male mice is due to developmental blockage of
spermatide formation and occurs at the stage of sperm head
packaging during spermatogenesis, respectively (Fig. 2M).

Gene expression of spermatogenesis markers

As expected, the levels of mRNA expression of several
stage-specific gene products, which are controlled by the
bZip-type cAMP-responsive element modulator (CREM)
transcription factor during late spermiogenesis (14), were
dramatically downregulated in the Elovl2”~ mice, includ-
ing the A-kinase anchoring protein-3 (AKAP3), a scaffold-
ing protein for regulatory proteins in the flagella; transcript
induced in spermiogenesis 50 (TISP50), a sperm flagellar
protein; TISP69, an E3 ligase promoting proteasome-medi-
ated degradation of spermatid proteins in the late sperma-
tid stage; and transition protein-1 (Tnpl), which is involved
in sperm head compaction (Fig. 3A-D). However, the
expression levels of these same encoding genes were
unchanged in the Elovl2”~ mice, which is consistent with
the fact that it is the formation and extrusion of the head
components of the spermatids during their release into the
lumen of the seminiferous tubules and not the formation
of the flagellum and mitochondrial sheath that is impaired

248 Journal of Lipid Research Volume 52, 2011

in the heterozygote Elovl2”” mice. Of the genes investi-
gated, only the Ctin (cortactin) gene expression, which is
expressed in the apical membrane of Sertoli cells facing
germ cells and is involved in a complex of spermatid-Sertoli
cell interactions during spermatid head shaping (15, 16),
was changed in Elovl2”” male mice (Fig. 3E).

ELOVL2 controls the synthesis of 28:5 and 30:5n-6 PUFA
in testis

In order to directly link PUFA synthesis in the testis with
the impaired spermatogenesis seen in our mutant mice,
acyl-CoA profiling of testis was performed in the Elovl2™"~
and Elovl2”” mice and compared with that in age-matched
littermates. When we looked at the metabolic pool in which
the Elovl enzymes work, except for the C22:6n-3 (DHA)
PUFA, the levels of n-3 PUFA-CoAs were too low to be iden-
tified within the testis; however, the Elovl2 /" mice exhib-
ited increased levels of C22:4n-6-CoA, accompanied by
significantly reduced levels of C22:5n-6-CoA (Fig. 4A).
Intriguingly, the mice exhibited an almost complete loss of
the acyl-CoA elongation products of C24:5n-6, that is,
C26:5n-6, C28:5n-6, and C30:5n-6. These results describe a
novel role for ELOVL2 in the formation of VLC-PUFAs and
show that n-6 PUFA elongation beyond 22:4 in testis is ex-
clusively dependent on ELOVL2 activity (Fig. 5, gray area).

To further assess the consequences of impaired Elovl2
expression in the heterozygote mice, it was clearly shown
that as in Elovl2 mice, the acyl-CoA levels of C28:5n-6
and C30:5n-6 PUFA were significantly reduced in the
testis of Elovl2”” mice as well (Fig. 4B). In addition to the
changes observed in PUFA levels, we noted a decrease in
total fatty acids (FAME mass) and triglycerides in the
Elovl2"” mice (Table 2). Despite this, there were no differ-
ences in the composition of triacylglycerols among the
mouse strains. The levels of cholesterol, which is the sub-
strate for testosterone synthesis in Leydig cells, and choles-
terol esters were not different between wild-type and
Elovl2”” mice (Table 2), indicating that testosterone pro-
duction is normal in the Elovl2”” mice. In addition, there
were no differences in the appearance of the vesicula sem-
inalis, again, implying that the androgen levels are normal
in the Elovl2”” mice.

Because Elovl2 expression was reduced in the liver of
heterozygote Elovl2”” male mice to a level that was simi-
lar to that in testis, we also performed total lipid profiling
by gas chromatography analysis of liver fatty acids and
compared those results with levels in testis. Although we
were unable to detect any fatty acids longer than C24 in
liver, no major changes were seen in PUFA levels in
Elovl2"~ mice (Fig. 6A). However, in testis, the level of
C20:4n-6 was increased to 25% of total fatty acids com-
pared with that in wild-type mice testis (Fig. 6B), implying
a differential mechanism in the control of PUFA levels
in different tissues. Furthermore, the elongated product
of C20:4n-6 (i.e., C22:4n-6) was increased by almost 70%.
Surprisingly, in contrast to the Elovl2”’~ mice (Fig. 6C), no
reduction was seen in the levels of C22:5n-6 and C22:6n-3,
suggesting that the activity of A6-desaturase is very sensitive
to the levels of these fatty acids in testis.
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Fig. 2. Histological analysis of testes in wild-type, Elovi2" /7, and Elovl2™’~ mice. Mature spermatozoa are shown
with elongated heads in seminiferous tubules (A-C, arrows) and epididymes (D) of wild-type mice. Elovi2” " testis
are seen with numerous spermatozoa displaying rounded, condensed heads (E-G, arrows), and the condensed
nucleus frequently displays a small rounded vacuole about 1-2 pm (G, arrowhead). Epididymes of wild-type
(D) and Elovl2”~ (H) mice display spermatozoa with rounded condensed heads compared with those of wild-type
epididymis. Elovl2”’™ mice displayed only spermatogonia and primary spermatocytes (I, J) with multinucleate
giant cells in the lumen (K, L, arrows). (M) Spermatogenesis within the seminiferous tubules and blockage by
Elovi2 ablation in Elovl2/~ and Elovl2” ™ mice. Sg, spermatogonia; pSc, primary spermatocytes; sSc, secondary
spermatocytes; BTB, blood testis barrier; St, spermatides; eSt, elongated spermatides; Sz, spermatozoa.

Deficiencies in serum levels of n-3 and n-6 fatty acids in (Fig. 7), which suggests that Elovi2 ablation causes a gen-
Elovl2”~ mice eral blockage in the elongation of C22:5n-3 for the forma-

When we analyzed serum lipid composition, we found tion of C24:5n-3, which is the substrate for A6-desaturase
that C20:5n-3 and C22:5n-3 levels in Elovl2/~ mice were and precursor for C22:6n-3 synthesis (Fig. 5). In addition,
increased compared with that in age-matched littermates  finding that the level of C22:5n-6, which is the final product
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Fig. 3. Testicular gene expression. Analysis of the AKAP3 (A),
TISP50 (B), TISP69 (C), Tnp (D) and Ctin (E) genes were examined
by real-time PCR in wild-type (Wt), Elovi2"”~ (Hz [heterozygous]), and
Elovi2”"~ (KO [knockout]) mice. Results shown are the means + SEM
of 7 Wt and Hz animals and 2 KO animals. *, P< 0.05; ** P< 0.01.

of C22:4n-6 elongation and A6-desaturation, also was re-
duced implies that ELOVL2 is important for C22 elonga-
tion within both the n-3 and the n-6 series (Fig. 5).

DHA supplementation does not restore fertility in male
Elovl2"™ mice

Recently, two different mouse strains lacking A6-
desaturase (FADS2) have been associated with impaired
reproduction. As in the case of Elovl2"~ mice, Fads2-
ablated mice show abnormal sperm head conformation
(17, 18) and are characterized by a reduction in levels of
(C20:4n-6, C22:5n-6, and C22:6n-3. Interestingly, dietary
supplementation of C22:6 n-3 (DHA) completely restored
sperm morphology and subsequently male fertility of these
mice (19), suggesting that 22:5n-6 PUFA are dispensable if
22:6n-3 is supplemented in the diet. In contrast, despite
distorted levels of C22 PUFAs in testis of Elovl2”” mice,
dietary supplementation of DHA for 3 months (Tables 3
and 4) could not restore male fertility of these mice, em-
phasizing the importance of ELOVL2 and the generation
of testis-specific VLC-PUFA required for male fertility.

DISCUSSION

Here we report a novel mechanism involving ELOVL2-
derived fatty acids in mammalian spermatogenesis. Using
homologous recombination, we developed Elovl2™"~ mice,
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Fig. 4. Biosynthesis of VLC-PUFAs in wild-type, Elovi2””, and
Elovl2”"~ mice. The composition of the testicular acyl-CoA pool was
determined by extraction, derivatization, and HPLC analysis of
acyl-etheno-CoAs. Carbon 17:0 istd is the internal standard acyl-CoA.
A: Acyl-CoA composition of wild-type and Elovl2 "~ testes. Blue
trace corresponds to Elovl2" *, and the red trace corresponds to
Elovl2”’~ mice. *#, indicates differences between the genotypes. B:
Acyl-CoA composition of wild-type and Elovl2”" testes. Blue trace
corresponds to Elovi2™* mice, and the red trace corresponds to
Elovl2” mice. *, indicates differences between the genotypes. Re-
sults shown are pooled samples from 7 wild-type and heterozygous
mice and 2 knockout animals.

which resulted in a complete arrest of spermatogenesis,
with seminiferous tubules displaying only spermatogonia
and primary spermatocytes, without further germinal cells
in male mice. The main reason for this result is the com-
plete absence of C24-C30 VLC-PUFAs of the n-6 family in
the testis, of which C24:4 n-6 is essential for the production
of C22:5 n-6. Even more surprising is that heterozygote
Elovl2”~ mice exhibited haploinsufficiency with reduced
levels of n-6 C28:5 and C30:5 PUFAs, which gives rise to
impaired packaging of haploid spermatides and infertility
in almost all male mice, implying that even minor changes
in Elovl2 expression and testicular omega-6 PUFA content
may have severe effects on male reproduction ability. This
implies that C28—C30 n-6 PUFAs are formed by Elovi2 and
are crucial for normal spermatogenesis, although we can-
not rule out the possibility that the effect seen in Elovl2™’~
mice at an earlier stage of spermatogenesis may be a direct
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Fig. 5. In vivo VLC-PUFA biosynthesis by ELOVL2, ELOVL4, and ELOVL5. The 18:3n-3 and 18:2n-6
PUFAs were obtained from the diet and were subsequently elongated and desaturated by the indicated
enzymes into longer PUFAs. ELOVLS5 is involved in the elongation of PUFAs up to 22 carbons in length.
ELOVL2 elongates from 20:4n-6 and 20:5n-3 series. Specifically, in the testis, ELOVL2 is involved in the
biosynthesis of VLC-PUFA (=C24) up to 30 carbons in length of the n-6 family (gray area). ELOVL4 elon-
gates up to G38 in length. C26FADS, fatty acid desaturase.

consequence of impaired levels of C22-C26 PUFAs as
well.

The histological phenotype of the Elovi2™/~ mice testis
resembles in part the morphology seen in two mouse
strains with disruption of the epimorphin gene, a member
of the SNARE family, which plays an essential role in mem-
brane fusion at the terminal step of cytokinesis and vesicle
fusion during exocytosis (20-22). As in the case of Elovl2
ablation, those germ cells failed to complete the meiotic
division to generate haploid cells, thereby resulting in the
formation of multinucleated cells in the lumens of the
seminiferous tubules. In addition, mutations within the
bond gene, an Elovl homolog in Drosophila, with unknown
fatty acid specificity, block cleavage-furrow ingression dur-
ing early telophase in dividing spermatocytes, which is due
to collapse of the contractile rings as a consequence of
impaired interaction between cytoskeleton and plasma
membrane at this stage (23). Those findings together with
our data presented here imply that ELOVL2-synthesized
VLC PUFAs are essential membrane components for nor-
mal completion of spermatocyte cytokinesis in mammals.

With maturation, the spermatides accumulate significant
amounts of unusual sphingolipids containing VLG PUFAs
(24, 25), which are principally localized to the sperm head

(26) where they may stabilize cellular membranes with high
curvature, such as the rims of the sperm head. In addition,
during acrosomal biogenesis, proacrosomal vesicles derived
from the Golgi apparatus dock and fuse along a cytoskeletal
plate, which then reorganizes to modulate exogenous shear
forces exerted by the Sertoli cells to guide nuclear elongation

TABLE 2. Neutral lipid composition in testis of wild-type and
Elovl2”~ male mice

Lipid class and length Wild-type mice Elovl2”~ mice
Triglyceride C49 2.5+0.9° 3.5+0.7
Triglyceride C51 55 +0.5" 6.0 £ 0.6
Triglyceride C53 25.5 + 0.9 25.6 +0.7
Triglyceride C55 388+ 1.7 36.8+1.4
Triglyceride C57 23.0 0.7 22.5+0.7
Triglyceride C59 4.7+1.7° 5.7+1.2
Cholesterol 15.3 + 0.9 13.5+0.9
Cholesterol esters 2.7 +0.4" 23+0.3
Cholesterol esters C16 36.5 + 2.0“ 37.2+1.2
Cholesterol esters C18 55.1 + 2.4" 54.7+1.2
Cholesterol esters C20:4 (n-6) 85+ 1.7 8.1+1.8
Triglycerides 32.4+10.8" 14.4+5.4
Relative FAME mass 63.9+11.7 22.0 + 6.0%*

“ Units are percentage of total + SEM.
" Units are pg/mg.
**, P <0.01.
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(27). Our data for heterozygote Elovl2” ™ mice imply that
Elovi2-derived C28:5 and C30:5 n-6 fatty acids are essential
membrane components in circumstances when exception-
ally strong forces are applied to the cell.
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male mice (C). Bars indicate means + SEM from 6 ani-
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A distinguishing feature between the Elovl2”~ mice
and the Fads2- and Elovi5-ablated mice (Fig. 5) is that
fertility is already severely affected at a heterozygous
stage in Elovl2”~ male mice, suggesting a dominant neg-
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Fig. 7. Differences i in total PUFA composition of serum. Fatty acid composition up to C24, by gas chromatography analysis of serum in

wild-type and Elovl2™/

ative effect, which cannot be rescued by any other met-
abolic pathway. In addition, mice heterozygous for both
Elovl5 and Fads2 ablation produce offspring in a normal
Mendelian ratio, and male Elovl5 ’~ mice are fertile
(18, 28).

Because ELOVLA4 has been shown to be the enzyme re-
sponsible for VLC-PUFA synthesis in retina (3), the enzyme
has been suggested to perform the same action in testis. As
both ELOVL2 and ELOVL4 are expressed at significant
levels in testis and retina, our data clearly imply that
ELOVL2 and ELOVL4 have two distinct functions in these
tissues: ELOVL2 preferentially elongates C22 PUFA up to
C30 of the n-6 series, and ELOVL4 preferentially elongates
C26 PUFA up to C36 of the n-3 series (Fig. 5). In addition,
several mutations and deletions in the Elvol4 gene have
been shown to be associated with the pathogenesis of dom-
inant macular dystrophies in mice and humans (29-33).
However, diabetes-induced retinopathy has recently been
shown to be associated with reduced expression of both
Elovl2 and Elovl4, which is paralleled by a downregulation
of DHA and n-3 VLC-PUFAs in retina (34), suggesting that
ELOVL2 and ELOVL4 may operate at different levels also
within the same elongation pathway.

~ male mice. Bars indicate means = SEM from 3 animals per group. *, P< 0.05; **, P< 0.01; *** P< (0.001.

It is noteworthy that in addition to its expression in
retina and testis, Elovl4 is also expressed in skin (3). Elovi4-
ablated mice die within a few hours after birth due to
dehydration caused by a reduction of specific ceramides
and saturated VLCFA longer than C26 in the epidermis of
mutant mice (35). In contrast, Elovl2 knockout mice do
not show any obvious skin phenotype, which is in accor-
dance with undetectable levels of Elovl2 expression in skin

TABLE 3. Fatty acid composition of DHA-enriched diet

Fatty acid % of fatty acid in DHA diet
C12:0 0
C14:0 0
C16:0 4.44
C18:0 2.09
C18:1n-9 30.53
C18:2n-6 34.69
C18:3n-3 3.45
C20:5n-3 5.27
C22:6n-3 19.53
satfa 6.53
mufa 30.53
n-6 34.69
n-3 28.25
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TABLE 4. DHA content in male liver after dietary supplementation

Elovi2”" Elovi2”~ Elovl2” ™ fed DHA
Measure fed chow fed chow supplement
% DHA + SEM 5.7+0.6 55+0.6 11.3+3.5
in liver

of normal mice. Overall, these data emphasize ELOVL2 as
the critical enzyme for the conversion of C22 to C26 PUFA,
which may then act as a substrate for ELOVL4.

In summary, from our data here, it is apparent that de

novo synthesis of n-6 VLC-PUFAs with C28 and C30 car-
bon atoms is a prerequisite of normal sperm maturation
and that any interference with this process has severe con-
sequences for male reproduction. Considering recent
findings for the relationship between ELOVL2 expression
and metabolic syndromes found in humans (36, 37), our
results presented here may therefore give new insights
into the field and show how nutritional interventions,
and/or modulation of ELOVL2 expression, could repre-
sent a potential therapeutic target for male infertility
caused by impaired lipid metabolism Jl
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