Results

Knockdown of mLPAATS3 in TM4 cells and expression of FLAG-tagged mLPAAT3 in
CHO-KI1 cells and the effects on cell proliferation

Predictions concerning the cellular function of LPAAT3 and its contribution to PL diversity
from in viro activity studies are only of limited value because the sn-2 fatty acid profile of
PLs not only depends on de novo acyltransferases but also on a subset of remodeling enzymes
(19). To investigate the physiological role of LPAAT3 in PL metabolism and fatty acid
homeostasis by Sertoli cells, we generated two cellular models with altered LPAAT3
expression, namely mLPAAT3-shRNA-transfected TM4 Sertoli cells and mLPAAT3-
overexpressing CHO-K1 cells. Expression of mLPAAT3 mRNA in TM4 cells was first
confirmed under resting conditions by quantitative real time PCR (Fig. 1A). Then, cells were
transfected with control-shRNA (‘control’), encoding a scrambled non-matching sequence, or
4 different shRNA sequences (‘lot 1-4”) with target sites within the mLPAAT3 mRNA. Only
the ‘lot 3°-shRNA sequence significantly suppressed mLPAAT3 mRNA expression (by
approx. 60%) (Fig. 1B). Monoclonal cell populations of stable ‘lot 3°-shRNA transfected
TM4 cells were prepared but failed to markedly exceed the knockdown efficiency of
polyclonal cells (unpublished observations). All following experiments, therefore, refer to
polyclonal ‘lot 3°-shRNA transfected TM4 cells. Compensation affecting mLPAATI or -2
transcription was excluded because neither mLPAATI nor mLPAAT2 mRNA levels were
noteworthy affected in ‘lot 3’-shRNA-transfected cells (Fig. 1C). We have previously shown
that mLPAATS3 efficiently catalyzes the esterification of sn-1-18:1-lysophosphatidic acid
(LPA) with 20:4-CoA to sn-1-18:1-sn-2-20:4-PA (23). This acyltransferase activity was
significantly decreased in isolated microsomes by the specific interference of ‘lot 3°-shRNA

with mLPAAT3 mRNA expression (Fig. 1D). Taken together, the knockdown of LPAAT3 in



TM4 cells by ‘lot 3’-shRNA combines a selective reduction of mLPAAT3 mRNA with
functional consequences on cellular acyltransferase activity.

Effects of an increased expression of LPAAT3 on the cellular PL profile were investigated in
CHO-K1 cells transfected with an expression vector encoding for an mLPAATS3 fusion
protein that contains the FLAG epitope fused in frame to the N-terminus of mLPAAT3 (23).
Expression of FLAG-tagged mLPAAT3 was confirmed by Western Blotting using anti;FLAG
antibody (Fig. 1E).

Changes in the cellular mLPAATS3 expression were associated with small but significant
effects on cell proliferation. Knockdown of mLPAATS3 increased the cell number of TM4
cells by approx. 15.9 +3.7% (*, n = 21) compared to vector control when seeded at 6 x 10°
cells/10 cm dish and incubated for 72 h (37°C, 5% CO,). Accordingly, expression of

mLPAAT3 in CHO-K1 cells significantly decreased the cell count by approx. 13.8 +3.3%
(*, n = 3) when seeded at 3.0 x 10° cells/10 cm dish, transfected after 24 h with

FLAG/mLPAATS3 vector and incubated for another 48 h (37°C, 5% CQO;). The number of

dead cells, as determined by trypan blue staining, was comparable to vector controls rather

precluding effects of LPAAT3 on cell viability.

Expression of mLPAATS3 specifically affects the cellular glycero-PL composition

Next we compared the glycero-PL profile of mLPAAT3-shRNA-transfected TM4 cells (Table
2) and mLPAAT3-expressing CHO-K1 cells (Table 3) with the profile of respective vector
control-transfected cells. PC and PE were extracted from cells by the method of Bligh and
Dyer, whereas anionic PLs (PS, PI, PG and PA) were extracted by n-butanol and separated
from other lipids by anion-exchange chromatography. Then, PLs were separated by reversed
phase chromatography and analyzed by electrospray ionization (ESI)-MS in the negative full

scan mode (for PG and PA) or by ESI-MS/MS using head-group-specific precursor-ion scans
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(PC, PI) or neutral loss scans (PE, PS). The fatty acid composition of each molecular species
was confirmed by analyzing the fatty acid anions after fragmentation by selective reaction
monitoring or product ion scanning. The relative abundance of each PL species is expressed
relative to the sum of all detected species within the PL subclass. Only the relative intensities
of mLPAAT3-shRNA transfected TM4 cells in Table 2 are provided as percentage of control
because slight constant shifts in the relative PL. compositions (for both control- and LPAAT3-
shRNA-transfected cells) were observed between the individual data sets. If regioisomeric
PLs could not be separated by liquid chromatography, the relative intensity of the combined
peak is given. Knockdown of mLPAAT3 in TM4 cells led to a significant decrease of PC
species containing 20:4 (16:0-20:4-, 18:0-20:4-, 18:1-20:4/18:0-20:5/16:0-22:5-PC), 20:5
(18:1-20:5) and 22:5 (18:0-22:5-PC) (Table 2). 22:6 was not detectable in PC from murine
TM4 cells, but represents the major hPUFA in CHO-K1 cells. Along these lines, expression
of mLPAAT3 in CHO-K1 cells significantly increased the abundance of PC containing 20:4
(18:0-20:4-PC) and 22:6 (16:0-22:6-, 18:0-22:6/18:1-22:5-, 18:1-22:6-PC) (Table 3).
Expression of mLPAAT3 in TM4 cells also significantly decreased the relative amount of
18:2-containing PE (16:1-18:2/16:0-18:3- and 18:1-18:2-PE), PS (16:0-18:2-, 18:1-18:1/18:0-
18:2-PS) and PG (16:0-18:2/16:0-20:3-PG) (Table 2), whereas expression of LPAAT3 in
CHO-K1 cells essentially had the opposite effect and significantly increased the relative
levels of 18:2-containing PE (16:0-18:2/16:1-18:1- and 16:1-18:2/16:0-18:3-PE) and PS
(18:1-18:1/18:0-18:2-PS) (Table 3). Significant effects on saturated PC (14:0-16:0-, 16:0-
16:0-PC) and 18:0-20:4-PI were only observed for an increased mLPAAT3 expression (Table
3) but not for the knockdown of mLPAAT3 (Table 2). Surprisingly, although suggested by in
vitro activity assays (23), the relative amount of detected PA was neither significantly
affected by knockdown nor expression of LPAAT3 (except for an increase of 16:0-18:1-PA in

Table 2 which is not understood). However, only PA species with saturated, mono- and di-
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unsaturated fatty acids could be detected but not species with PUFAs, whose acyl-CoA esters
are the preferred substrates of LPAAT3 in vitro (23). In summary, a role of LPAATS3 in the
formation of specific polyunsaturated PC and 18:2-containing PE and PS was confirmed both
by LPAAT3-knockdown and expression studies, whereas the limited effects on PG and PI
were dependent on the cellular model used.

To access the total concentrations of cellular PLs, changes in the detected PL intensities were
calculated per number of cells, normalized to the added standards and summed up for each PL
subclass. The total intensities of PC, PE, PI, PG and PA were neither significantly affected in
mLPAAT3-shRNA-transfected TM4 cells nor in mLPAAT3-expressing CHO-K 1 cells (Table
4). In contrast, the total intensity of PS was significantly decreased in TM4 cells (approx. by

16%) when mLPAAT3 expression was reduced (Table 4).

The effects of mLPAAT3 on the cellular PL composition are mediated by its LPAAT
activity

The specific modulation of the cellular PL pattern by LPAAT3 might either depend on the
biosynthesis of PA, its conversion to glycero-PLs and the subsequent specific variation of the
sn-2 fatty acid profile in the remodeling pathway, or LPAAT3 might possess additional so far
unidentified LPLAT activities. To discriminate between these possibilities, we prepared
microsomes from mLPAAT3-shRNA-transfected TM4 cells and mLPAAT3-expressing
CHO-K1 cells and analyzed their LPLAT activities for different substrate (sn-1-LPL/acyl-
CoA) combinations. Focus was set on the formation of PL species 1) whose concentration
was significantly changed in response to LPAAT3 in the previous cellular assays and 2) for
which the respective substrates were commercially available. The 20:4-transferase activity of
LPAATS3 for sn-1-LPA reported by Yuki et al. (23) could be confirmed for microsomes from

mLPAAT3-expressing CHO-K1 cells (Fig. 2A). Moreover, we show LPAAT activity of
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LPAATS for 18:2- and 22:6-CoA (Fig. 2A). 22:6-CoA seems to be the preferred substrate of
LPAATS3 being even superior to 20:4-CoA (at least according to the relative MS-peak
intensities). The opposite trend was essentially found for microsomes from mLPAAT3-
shRNA-transfected TM4 cells (Fig. 3A), although slight differences were obvious regarding
the sn-1-LPA specificity (e.g. for 16:0-20:4-PA or 18:0-22:6-PA). Neither lyso-PE- (LPE-),
lyso-PS- (LPS-), lyso-PG- (LPG-) nor lyso-PC-acyltransferase (LPCAT) activities were
observed for LPAAT3 in any of these models (Fig. 2B and Fig. 3B), indicating that LPAAT3

primarily modulates the fatty acid composition of PLs via a defined synthesis of PA species.

Kinetic characterization of LPAAT3

Kinetic analysis of mLPAAT3 expressed in CHO-K 1 cells showed Michaelis-Menten rate
behaviour toward sn-1-18:1-LPA in the presence of 22:6-CoA (25 uM) and toward 22:6-CoA
in the presence of sn-1-18:1-LPA (50 pM) (Supplemental Fig. 1). Michaelis-Menten
constants Ky (18:1-LPA: Ky = 26.3 pM; 22:6-CoA: Ky = 11.0 pM) and V. (18:1-LPA:
Vinax = 8.5 pmol min™ pg™; 22:6-CoA: Vyay = 12.3 pmol min™ pg™) for the formation of sn-
1-18:1-5n-2-22:6-PA were calculated by fitting the Michaelis-Menten equation to the entire
concentration range of sn-1-18:1-LPA and 22:6-CoA, respectively. The kinetic constants are
in line with values previously reported for the formation of 16:0-20:4-PA (16:0-LPA: Ky =

26.3 pM; 20:4-CoA: Ky = 15.9 uM) (23).

LPAATS3 is required to maintain levels of distinct free hPUFAs

PLs represent a large storage for fatty acids which can be released by specific phospholipases
A; (27). The accumulation of PUFAs in PC through LPAAT3 might therefore have an impact
on the basal availability of respective free fatty acids. In fact, the level of free 22:5 was

selectively and significantly decreased in TM4 cells by the knockdown of mLPAAT3
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(approx. by 22%) (Table 5). In mLPAAT3-expressing CHO-K1 cells, however, free 22:5 acid
was not detectable. Instead, the level of the related eicosapentaenoic acid (n-3, 20:5)
significantly increased by 21% (Table 5). Moreover, significant changes in the concentration
were found for linolenic acid (18:3) and eicosatrienoic acid (20:3) in mLPAAT3-shRNA-

transfected TM4 cells and mLPAAT3-expressing CHO-K 1 cells, respectively (Table 5).
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Discussion

We found that LPAAT3 essentially contributes to the formation of specific cellular PLs,
particularly of polyunsaturated PC (containing 20:4, 20:5, 22:5 and 22:6) and several 18:2-
containing PE, PS and PG species. These changes in the PL pattern were mediated through an
acyltransferase activity of LPAAT3 with preference for LPA as acyl-acceptor and hPUFA-
CoA, arachidonoyl-CoA and to a minor extent linoleoyl-CoA as acyl-donor. Further, we have
shown that the abundance of polyunsaturated PC correlates with the availability of free
hPUFAs (i.e., 22:5 and 20:5). Although previously suggested from an in vitro activity assay
showing LPIAT activity for LPAAT3 (23), cellular levels of PI species were neither
significantly increased by expression of mLPAAT3 in CHO-K1 cells nor decreased by the
knockdown of mLPAAT3 in TM4 cells precluding in vivo relevance. In vitro, we confirmed a
weak 20:4-transferase activity of LPAAT3 for lyso-PI (23) with preference for sn-1-16:0-
lyso-PI (Supplemental Fig. 2). Moreover, this is the first detailed lipidomic study
investigating the molecular PL. composition of a Sertoli cell line.

Our data suggest that the expression of LPAAT3 determines the cellular abundance of
polyunsaturated PC species through regulating the availability of PA precursors. Although
low abundant polyunsaturated PA species were neither detectable in TM4 cells nor CHO-K 1
cells, we could demonstrate a preference of LPAAT3 for 22:6-CoA and slightly less
pronounced for 20:4-CoA (see also (23)) in microsomal LPAAT activity assays. Most likely,
also 22:5 (n-6), one of the main hPUFAs in TM4 Sertoli cells, is a preferred substrate of
LPAATS3, though an experimental confirmation is still lacking because the respective CoA-
ester is commercially not available. The exclusive role of LPAAT3 in PA biosynthesis
suggests similar fatty acid profiles for PA-derived PLs (PC, PE, PS, PI, PG). However, our
study indicates that polyunsaturated PA is predominantly converted into polyunsaturated PC

(but not into other PLs), whereas sn-2-18:2-PA is used as precursor for PE, PS and eventually
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PG (but not for PC and PI). The biosynthetic route from PA to PC includes the
dephosphorylation of PA to diacylglycerol (the precursor of PC, PE and PS) by PA
phosphatase and the introduction of choline by CDP-choline:1,2-diacylglycerol choline-
phosphotransferase (28). The unique sn-2 fatty acid pattern of PC can only be mediated by the
latter enzyme (in the de novo pathway). In fact, human CDP-choline:1,2-diacylglycerol
cholinephosphotransferase (CPT)1 is highest expressed in testis compared to other tissues and
shows some preference for 18:1, 20:4 and 22:6 in the sn-2 position of diacylglycerol (29).
However, the sn-2 fatty acid selectivity not necessarily depends on enzymes of the de novo
PL biosynthesis. A slow exchange rate of the sn-2 fatty acid for PC compared to other PLs (in
the remodeling pathway (19)) might also explain the selective accumulation of PA-derived
hPUFAs in PC. In any case, cell-type specific differences in the fate of LPAAT3-derived PAs
cannot be excluded.

Our study supports the hypothesis that hPUF As, which are efficiently synthesized by Sertoli
cells, are supplied to neighbouring germ cells (7, 8, 13, 14). In advantage to previous studies
monitoring the metabolism of exogenously added fatty acids (8, 10, 11, 13), our study
describes an endogenous modulation of hPUFAs via expression of LPAAT3. Moreover, we
give insight into the fate of hPUFAs between their biosynthesis in Sertoli cells and their
subsequent release. hPUFAs are seemingly first incorporated into PC by LPAATS3 (at the
level of the respective PA precursors) before they are released as free fatty acids, and their
availability correlates with the cellular levels of polyunsaturated PC. Because our culture
medium contained only low amounts of PUFAs (present in the supplemented fetal sera (30)),
acyl-CoA substrates of LPAAT3 most likely derive predominantly from the cellular fatty acid
biosynthesis (as previously reported for Sertoli cells (7-12)) rather than from a cellular uptake.
In vivo, however, distinct metabolic situations (e.g., an essential fatty acid rich diet (31, 32))

can increase the blood levels of hPUFAs and thereby their availability for Sertoli cells. Under
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such conditions, LPAAT3 might gain additional importance in mediating the efficient storage
of hPUFAs.

An intermediate incorporation of PUFAs into PC would not only guarantee a homeostatic
continuous supply of fatty acids to germ cells but would also allow a sustained stimulated
release. The kinetic profile of LPAATS3 for acyl-CoAs is in agreement with this hypothesis.
Within the physiological concentration range of cellular acyl-CoAs (< 200 nM << Kyy) (33),
the turnover rate of LPAATS3 is highly responsive to small changes in the acyl-CoA
concentration and thus to the metabolic cellular state, allowing an effective membrane
incorporation of excess PUFAs. A similar mechanism for regulating fatty acid supply was
found for 20:4. Incorporation of 20:4 into membrane PLs is required for its regulated release
through cytosolic phospholipase A, and subsequent conversion to eicosanoids (27).

One might speculate that also the differences in free fatty acid levels themselves (as shown in
Table 3) have an impact on the formation of polyunsaturated PC. However, differences in the
acyl-CoA concentrations as driving force for the modification of PL profiles can be excluded
because of the specificity of the changes. The modulation of LPAAT3 expression specifically
affects the PUFA composition of PC species but not of other PL subclasses. Moreover, these
changes were not restricted to PC species containing 22:5 or 20:5, whose levels as free fatty
acid were affected, but also include 20:4 and 22:6 containing PC species according to the
substrate specificity of LPAAT3 (23).

Whether the fatty acid release of Sertoli cells in testis is regulated by extracellular factors
(e.g., hormones) is still elusive. However, a tightly regulated supply of hPUFAs to germ cells
seems to be essential for fertility (34-36). Elimination of the ability of mice to synthesize
PUFAs by disruption of the A6-desaturase gene (35, 36) or by inactivation of the peroxisomal
p-oxidation (34) caused sterility in male mice, and supplementation of 22:6 (but not of 20:4)

completely restored fertility and spermatogenesis (37). Most of the testicular hPUFAs
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accumulate in germ cells (5, 6) and there particularly in the sperm tail (38), which suggest a
role of hPUF As for the membrane properties of germ cells required for sperm mobility. This
1s of particular interest because expression of LPAAT3 is strongly upregulated in mouse testis
during puberty when spermatogenesis first occurs and then remains at a high basal level (23),
thereby supporting a potential role of LPAAT3 in male fertility.

Opposite effects on fertility would be expected from the anti-proliferative effects of LPAAT3
on TM4 Sertoli cells because the number of Sertoli cells directly correlates with the rate and
quality of spermatogenesis (1). The growth-suppressing properties of LPAAT?3 might either
be related to hPUFAs, which have been shown to impair cell growth and proliferation (39-
41), or the LPAAT3-mediated increase of the absolute PS concentration. PS is not only an
early marker of apoptosis but also induces apoptosis in several adherent cell lines at high
concentrations (42). Changes in the mLPAAT3 expression only affected total PS levels in
TM4 Sertoli cells but were without effect in CHO-K1 cells. The lower abundance of 18:2-
containing PS species (particularly of 18:1-18:1/18:0-18:2-PS, which is significantly
decreased) in CHO-K1 cells compared to TM4 cells might explain the cell-type dependent
difference.

In conclusion, we present 1) the molecular glycero-PL profile of a Sertoli cell line, 2)
thoroughly characterized the physiological role of LPAAT3 in modulating the cellular PL
composition by ShRNA and overexpression systems, 3) elucidated LPAATS3 as critical
enzyme for the supply of free hPUFAs by Sertoli cells and 4) propose an intermediate storage
of hPUFAs in PC of Sertoli cells to be essential for a controlled fatty acid release. Further
studies addressing the role of LPAAT3 and hPUFAs for fertility and sperm mobility are

required.

50



References

1.

10.

Petersen, C., and Soder, O. (2006) The sertoli cell--a hormonal target and 'super' nurse
for germ cells that determines testicular size. Horm Res 66, 153-161

Orth, J. M., Gunsalus, G. L., and Lamperti, A. A. (1988) Evidence from Sertoli cell-
depleted rats indicates that spermatid number in adults depends on numbers of Sertoli
cells produced during perinatal development. Endocrinology 122, 787-794

Bieri, J. G., and Prival, E. L. (1965) Lipid composition of testes from various species.
Comp Biochem Physiol 15, 275-282

Nissen, H. P., and Kreysel, H. W. (1983) Polyunsaturated fatty acids in relation to
sperm motility. Andrologia 15, 264-269

Beckman, J. K., and Coniglio, J. G. (1979) A comparative study of the lipid
composition of isolated rat Sertoli and germinal cells. Lipids 14, 262-267

Grogan, W. M., and Lam, J. W. (1982) Fatty acid synthesis in isolated spermatocytes
and spermatids of mouse testis. Lipids 17, 604-611

Beckman, J. K., and Coniglio, J. G. (1980) The metabolism of polyunsaturated fatty
acids in rat Sertoli and germinal cells. Lipids 15, 389-394

Retterstol, K., Haugen, T. B., Tran, T. N., and Christophersen, B. O. (2001) Studies on
the metabolism of essential fatty acids in isolated human testicular cells. Reproduction
121, 881-887

Fisher, D. M., and Coniglio, J. G. (1983) Composition of, and [14C]acetate
incorporation into, lipids of rat Sertoli cells in culture. Biochim Biophys Acta 751, 27-
32

Huynh, S., Oulhaj, H., Bocquet, J., and Nouvelot, A. (1991) Metabolic utilization of

~ linoleate and alpha-linolenate in cultured Sertoli cells. Comp Biochem Physiol B 99,

265-270

51



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Oulhaj, H., Huynh, S., and Nouvelot, A. (1992) The biosynthesis of polyunsaturated
fatty acids by rat sertoli cells. Comp Biochem Physiol B 102, 897-904

Lynch, K. M., Jr., and Scott, W. W. (1951) Lipid distribution in the Sertoli cell and
Leydig cell of the rat testis as related to experimental alterations of the pituitary-gonad
system. Endocrinology 49, 8-14

Retterstol, K., Tran, T. N., Haugen, T. B., and Christophersen, B. O. (2001)
Metabolism of very long chain polyunsaturated fatty acids in isolated rat germ cells.
Lipids 36, 601-606

Lacy, D. (1962) Certain aspects of testis structure and function. Br Med Bull 18, 205-
208

Saether, T., Tran, T. N., Rootwelt, H., Christophersen, B. O., and Haugen, T. B.

(2003) Expression and regulation of delta5-desaturase, delta6-desaturase, stearoyl-

coenzyme A (CoA) desaturase 1, and stearoyl-CoA desaturase 2 in rat testis. Biol
Reprod 69, 117-124

Davis, J. T., Bridges, R. B., and Coniglio, J. G. (1966) Changes in lipid composition
of the maturing rat testis. Biochem J 98, 342-346

Coniglio, J. G., Grogan, W. M., Jr., and Rhamy, R. K. (1975) Lipid and fatty acid
composition of human testes removed at autopsy. Biol Reprod 12, 255-259

Lin, D. S., Neuringer, M., and Connor, W. E. (2004) Selective changes of
docosahexaenoic acid-containing phospholipid molecular species in monkey testis
during puberty. J Lipid Res 45, 529-535

Shindou, H., and Shimizu, T. (2009) Acyl-CoA:lysophospholipid acyltransferases. J
Biol Chem 284, 1-5

West, J., Tompkins, C. K., Balantac, N., Nudelman, E., Meengs, B., White, T.,

Bursten, S., Coleman, J., Kumar, A., Singer, J. W., and Leung, D. W. ( 1997) Cloning

52



21.

22.

24.

25.

26.

27.

28.

and expression of two human lysophosphatidic acid acyltransferase cDNAs that
enhance cytokine-induced signaling responses in cells. DNA Cell Biol 16, 691-701
Stamps, A. C., Elmore, M. A, Hill, M. E., Kelly, K., Makda, A. A., and Finnen, M. J.
(1997) A human ¢cDNA sequence with homology to non-mammalian lysophosphatidic
acid acyltransferases. Biochem J 326 ( Pt 2), 455-461

Eberhardt, C., Gray, P. W., and Tjoelker, L. W. (1997) Human lysophosphatidic acid
acyltransferase. cDNA cloning, expression, and localization to chromosome 9q34.3. .J
Biol Chem 272, 20299-20305

Yuki, K., Shindou, H., Hishikawa, D., and Shimizu, T. (2009) Characterization of
mouse lysophosphatidic acid acyltransferase 3: an enzyme with dual functions in the
testis. J Lipid Res 50, 860-869

Schmidt, J. A., and Brown, W. J. (2009) Lysophosphatidic acid acyltransferase 3
regulates Golgi complex structure and function. J Cell Biol 186, 211-218

Bligh, E. G., and Dyer, W. J. (1959) A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37,911-917

Ogiso, H., Suzuki, T., and Taguchi, R. (2008) Development of a reverse-phase liquid
chromatography electrospray ionization mass spectrometry method for lipidomics,
improving detection of phosphatidic acid and phosphatidylserine. Anal Biochem 375,
124-131

Shimizu, T. (2009) Lipid mediators in health and disease: enzymes and receptors as
therapeutic targets for the regulation of immunity and inflammation. Annu Rev
Pharmacol Toxicol 49, 123-150

Vance, J. E., and Vance, D. E. (2004) Phospholipid biosynthesis in mammalian cells.

Biochem Cell Biol 82, 113-128



29.

30.

31.

32.

33.

34.

35.

36.

Henneberry, A. L., Wistow, G., and McMaster, C. R. (2000) Cloning, genomic
organization, and characterization of a human cholinephosphotransferase. J Biol Chem
275, 29808-29815

Robert, J., Rebel, G., and Mandel, P. (1977) Essential fatty acid metabolism in
cultured astroblasts. Biochimie 59, 417-423

Marsen, T. A., Pollok, M., Oette, K., and Baldamus, C. A. (1992) Pharmacokinetics of
omega-3-faity acids during ingestion of fish oil preparations. Prostaglandins Leukot
Essent Fatty Acids 46, 191-196

Rusca, A., Di Stefano, A. F., Doig, M. V., Scarsi, C., and Perucca, E. (2009) Relative
bioavailability and pharmacokinetics of two oral formulations of docosahexaenoic
acid/eicosapentaenoic acid after multiple-dose administration in healthy volunteers.
Eur J Clin Pharmacol 65, 503-510

Knudsen, J., Neergaard, T. B., Gaigg, B., Jensen, M. V., and Hansen, J. K. (2000)
Role of acyl-CoA binding protein in acyl-CoA metabolism and acyl-CoA-mediated
cell signaling. J Nutr 130, 294S-298S

Huyghe, S., Schmalbruch, H., De Gendt, K., Verhoeven, G., Guillou, F., Van
Veldhoven, P. P., and Baes, M. (2006) Peroxisomal multifunctional protein 2 is
essential for lipid homeostasis in Sertoli cells and male fertility in mice.
Endocrinology 147, 2228-2236

Stoffel, W., Holz, B., Jenke, B., Binczek, E., Gunter, R. H., Kiss, C., Karakesisoglou,
L., Thevis, M., Weber, A. A., Arnhold, S., and Addicks, K. (2008) Delta6-desaturase
(FADS?2) deficiency unveils the role of omega3- and omega6-polyunsaturated fatty
acids. EMBO J 27, 2281-2292

Stroud, C. K., Nara, T. Y., Roqueta-Rivera, M., Radlowski, E. C., Lawrence, P.,

Zhang, Y., Cho, B. H., Segre, M., Hess, R. A., Brenna, J. T., Haschek, W. M., and

54



37.

38.

39.

40.

41.

42.

Nakamura, M. T. (2009) Disruption of FADS2 gene in mice impairs male
reproduction and causes dermal and intestinal ulceration. J Lipid Res 50, 1870-1880
Roqueta-Rivera, M., Stroud, C. K., Haschek, W. M., Akare, S. J., Segre, M., Brush, R.
S., Agbaga, M. P., Anderson, R. E., Hess, R. A., and Nakamura, M. T. (2009)
Docosahexaenoic acid supplementation fully restores fertility and spermatogenesis in

male delta-6 desaturase knockout mice. J Lipid Res 51, 360-367

-Connor, W. E., Lin, D. S., Wolf, D. P., and Alexander, M. (1998) Uneven distribution

of desmosterol and docosahexaenoic acid in the heads and tails of monkey sperm. J
Lipid Res 39, 1404-1411

Albino, A. P., Juan, G., Traganos, F., Reinhart, L., Connolly, J., Rose, D. P., and
Darzynkiewicz, Z. (2000) Cell cycle arrest and apoptosis of melanoma cells by
docosahexaenoic acid: association with decreased pRb phosphorylation. Cancer Res
60, 4139-4145

Rose, D. P., and Connolly, J. M. (1990) Effects of fatty acids and inhibitors of
eicosanoid synthesis on the growth of a human breast cancer cell line in culture.
Cancer Res 50, 7139-7144

Rose, D. P., and Connolly, J. M. (1991) Effects of fatty acids and eicosanoid synthesis
inhibitors on the growth of two human prostate cancer cell lines. Prostate 18, 243-254
Uchida, K., Emoto, K., Daleke, D. L., Inoue, K., and Umeda, M. (1998) Induction of

apoptosis by phosphatidylserine. J Biochem 123, 1073-1078

55



Acknowledgements

We thank Dr. J.-i. Miyazaki (Osaka University) for supplying the expression vector pCXN?2.

This work was supported in part by Grants-in-Aid from the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) of Japan (T.S.) and a Global COE Program (The
University of Tokyo) from Japan Society for Promotion of Sciences (T.S.). T.S. and H.S.
were supported by the Center for NanoBio Integration at The University of Tokyo. H.S. was
supported by Health and Labour Sciences Research Grants (Research on Allergic Disease and
Immunology) of the Ministry of Health, Labour and Grant-in-Aid for Young Scientists (B)
from the MEXT of Japan and The Uehara Memorial Foundation and The Cell Science
Research Foundation. T.H. was supported by Research Fellowships of the Japan Society for
the Promotion of Science for Young Scientist. Andreas Koeberle received a stipend from

Takeda Science Foundation.

5¢



Tables

Table 1. Primer sequences used in quantitative real-time PCR experiments

gene

sense primer (5°—3”)

anti-sense primer (5°—3")

mLPAATI

CTTCTACAACGGCTGGATCCTCT

TCCCATACAGGTATTTGACGTGG

mLPAAT2

AAGCGTGAGCTAATGTTCACAGG

TTTTTAAAGGGCAACAGGTCCC

mLPAAT3

ACCTATACCGCCGTATCAACTGC

AGTCGATCTCGAAGTTGTGGTTG

GAPDH

TGACAATGAATACGGCTACAGCA

CTCCTGTTATTATGGGGGTCTGG




21qe10919p J0U = P'U

Pu U pu PUl 991996 pu pu pu pu PU]l 90F8C Pu 9:27C-0-81
pu PU TOFIY6 pu pu 6 €F1'68 pu PU £0F60 pu PU T0+£°0 §:¢C1:81
‘PU PU| TOIFS96| TOIIFT86| SHTUSH| %%l TFOTS pu PU| §OFST| 9TFY6| TIFLY| 1'0FS0 SCC-0:81
pu U LGFE06 PUIGOIFLION|  «SPFSIS pu PU TIFLE PUl TOFFL| 1'0FS0 §:0C-1:81
P U U DU U i o U pu U CZZ0°01
Py PUl 6LFTO6| 9VIFI'86| TIFTU601| %1 €F008 pu PUIVLFEC| Y OFPE| L'IF6'8| €OFTT $-02-0°81
pu pu Pu pu PU Pu pu Pu pu Pu P-:0C-1:81
PUl SOFBY6| TYFI00T| O'LIFLBOI| €HFr 01| ++THF6IL PUl SOFOS|VLFETT| LOFIY| €IF8S| T0F6°0 v-02-0:81
pu P 9L+ 601 PU LLFETOL[  «09FS6L Py PUl 80F9C PU| TOFYT| TOF60 ¥:0C-0:91
Pul 9'8FRBB|IPIFISCI| 9CIFITOI| £6FIHOI S'SFL'86 PU| 60FSY| v'TFIL] 9O0FL'S] TIF6L] TOFL'] £:02-0:81
o N pu con- pu PulL . G PY pu pu £:02-0-91
['8FS 16| %x1'SF689 797598 0'8F0'9L NEZaRT ST 16 V'OF6 91| 6'0F9'8 17799 0IFLS 01798 S079Z R85
PU] SCFLROT| B9FVOIT| %C9FL'8L| STTFTO0I| 8§ EFSHOI PUITIFSOL|TSFOI | 6'TFCST| OTFYIT| S TFEYT| T:81-0:81/T:81-1:81
pu pu pu PU| x59F0TL ‘pu Pu pu Pu Pul 10¥80 PU €81-0:91/T:81-1:91
6 1FLE6| EFIFIRG|T'IIFOSOT| «6'TIFS9S| 6'8F8°LOT 9VFTLO| €0F8IT| LOF6'T| 90F6'T| SOF6 1| €0FL'T| L0FO8 Z:81-0:91
PUITETFY LI |TOIFS LIT|+EOTFIIET] 0°9F0'801 6'SF'860 PUIOPFOTE| O CFSO6|0EFECIC| Y IFLTL) I'TFTST [-81-0:81
#8EFESITO6CIFYOLL [V ETFO'BET| Y SIFEPIL| 9EFSLOL| 6 TFYLOI] SOFI6T|9vF19Z| v IFECH| 90FLL| € I1FC 9|+ 17T [-81-0:91
L'TIF0'STI pu Pu PUISTIFETON] OFFOTIT| €0OFCT I pu pu PUl TOF6'0| TIFTY I:81-0:%1/1:91-0:91
pu pu pu Pul CEF96 SPFL98 pu Pu pu PUl 8O0F8S| v OFPC 0:81-0:91
LOF906| 6'6F6'L6 pu PUl S6FEV6|  T'9FFO0T| ¥'0T0'1T| 80F6'Y pu PUl LOFRT| O1TF9F 0:91-0:91
pu pu pu pu PUl FTIF8 01 pu PU Pu pu PUl POFPT 0:91-0:%1

vd Dd Id Sd ad od vd Dd 1d Sd Hd od

[A11susyur ssejogns T4 JO 9]
[VNRIUS [ox3u09 Jo 9] ST[93 HIALL P2102JSuen-y N YS-[01Ucd uonisoduros
€LV VdTW Jo umopsyouy 1aye uonsodwos 14 w0y STJ-0I09A18-[ASRIP JO AJISUI)UT SATIE[A] proe Anej

S[[99 HFIALL PR193JSURII- N YS-[0NU0D
SAT00°0> d (sx) 100> d (%) ‘SO°0> d (x) ‘UGAIS 21 SOJRWINSS J0LIS PIBPUR)S pUE (01-¢ = u) sanjeA UBIA ‘[onUO Jo 28ejuso1ad Se S[[90 HIALL
PRIORISUBT-VNYYS-£.LVVd T WOl pue SSISUSIUI JANR[AL Se S[[30 HIALL, PRIOSJSUBL-Y NYYS-[0BU00 WOy sTJ-0100K13-140v1p Jofe]y *Z dIqe .

R3



—_— — — —- - - — N— — —_—
b ol ¥ i x10°0F g g P P P 60°0F P €:81-0:91
- . . - 8870 ¢0°0F s - . . ¥9°0 ¢0°0F

u u u u u u u u
P P P P S¥0 P d i P 170 ¢-81-1:91
pu S6°0F O 0F | #xVCTOF 170+ 81°0F pu oL 1F 6C0F cror LY 0F 0T0F
8CS¢E 00°S1 9Tl 8¥'SC 91T £€°9¢ cLel 0111 6C°SC vS'IC | T-81-0:81/1:81-1:81
pu SE0F STOF
6101 STOF SO0+ *LTOF €O+ oy’ 1+ 8€01 1T0F croF P1°0F 91°0F [-81-1-91

Sel+ pu 99°¢ 161 L6 0Tl €59 pu 43 eL’l L6'8 8611
8¢9 ¢81-0-91
pu 8°0F v 1+ 99°0F [€0F | «6T0F pu SSOF 061+ 9T 0F ee0F 80°0F

L8791 0€°L1 c89¥ LTEl SL'6 61°¢I 8691 L68Y 80 v 9¢01 [-81-0-81
pu pu pu ‘pu

£e0F ¥9°0F T oF 8E0F 0T°0F ELOF LTOF LTOF [:91-0:81
6S'TF 6511 Yyl SLYI 244! S8°0F 68 CF 0Tl 06°¢l 8Tyl 60°CI I8°0+F

9S vy 6'le (1944 L6'TE [-81-0:91

‘pu pu pu pu
Y6 0F 810+ Y1'0F ST°0F 96'0F croF [T°0F LO0F [-81-0:%1
98°L LL'T pu SO0F L6'1 88 ILL LLT pu Y0'0F 981 €98
8¢'1 143! 1-91-0-91
- 70+ s s i SO0F - LTOF . . _— Y00+
u u u u u u u u
i 80°¢ P P i eL0 ¥ 86'C P P P 09°0 0-81-0:91

\lv..mﬂ E.c.ﬂ ﬂm.o.ﬂ pu pu V[ '0F Py eF oros 0€'0F pu pu 010+

0¢' 1y 1971 [L°0 ST¢e ySIv 891 L0 86T 0-91-0-91
‘pu ‘DU ‘DU DU DU *xS0'0F ‘DU DU ‘DU ‘DU ‘DU €O0F

4 E P b 60°1 ¥ i i P . L80 0:91-0-¥1

vd Hd Id Sd dd od vd Hd Id Sd dd od

S[[99 OHD Surssardxe-¢ [ Vv T S[[99 OHD PA1d9JSULI-I0J09A [0IIUOD uonisodwoo
[Ayisuayur ssejoqns T4 Jo %] ST-0100&[3-[AaRIp Jo AJIsuaiur dAne[aI proe Ajjejy

S[199 [-OH)D pajoasuen
~[0UOD 103094 "SA [0°0> d (44) ‘S0'0> d (4) ‘USAIS dIB S9JBWNSI I01Id PIBPUL)S PUE (9-G = U) SAN[BA UBSJA ‘pruuse[d uorssaxdxa 1 ZNx)Od

“ELVVdTUW/OVTA PUE [0QU0d 101094 ['ZNX DA [HIM paoajsuen) S[[20 [-OHD Wolj sTJ-0100K15-[Koe1p 10[ew O SanISuLIul 9ANR[AY *€ AqEL




31qeIOPIP JOU = P'U

pu | PLOF b pu | 600F | +100% pu | 610F pu pu | SOOF[ 100+
LT 80'1 4 0L'€ 0’1 61°0 9:TT-1'81
pu pu Pu pu : : et
8S0F | 90°0F EI0F | «100F ILOF|  SOOF OT0F |  100F S:TT-1:81
pu 9°s 690 T1T0F €T 610 pu L¥'S v90 [ 610F T 91°0
91°€ 61¢ 9:72-0:81
pu pu pu pu pu pu pu pu pu pu COz-1'81
o o o LOOF . o o . LooF
R ooos P P 66'0 Pt PR eoor e P LO'T i 702781
o 901 . o «10°07 . oIl . . 100+
i Pt n $T0 i o P 120 9:72-0:91
pu pu | LOOF| TTOF| L00F| €00F - pu | LOOF[ OT0F| 0COF| 00T
0S'1 LSY 00'¢ o ! LSV 9¢'€ 0r'o $1TT0:81
pu pu | SO0F[ 6T0F | OI0OF| <c00F - pu | S00F| LTOF| CIOF| €00+
061 LT9 00T 920 90T L99 0€'C 44\ ¥:220:81
pu | SOOF[  vSOF pu | 9E0F [ 6007 pu | VOOF|  9TOF pu | SEOF|  800F
€11 £0'S 08's 61 AN 68y 1L°S VTl v:0T-1:81
pu | SO0F| «8S0F [ LOOF| €EO0F| +£00% pu | YOOF | BLOF| 8I0F| v0F| cOOF
8L0| TSET $9T| S0l 80' 990 69T 9T| 6011 86°0 02081
o pu | LUOF|  SO0F| 1T0F o pu pu | CCOF| POOF[  II0% -
29’ 8E'0 0s'e 98 6£0 T'E ¥:02-0:91
pu | STOF[ 9S0F | TCOF| 1c0F| 900F pa | LTOF| TWOF|[ 6I0F| Le0%| 600F
81'C LTL LSy 17T Lyl SET 9L LY 9TT 4l £07-0:81
o . . o o 0'0F o . o o o 90°0+
pu pu pu p pu 0T pu pu pu P pu 6c1 R1-T8
o o o o o o
P P 0€0¥ |  60°0F U1 eros Y P LTOF|  90°0F U vros £:02-0:91
pu | S8COF 8E'€ STL|  070F gy pu | 9COF £€°€ | Lok YTy
9 wy 08'F €€y T8I-1:81

60



