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(Bacl(ground: Physiological function of the tumor suppressor H-rev107, showing a phospholipase A, activity, is poorly

Results: Overexpression of the catalytically active H-rev107 in mammalian cells decreased endogenous levels of ether-type
lipids and altered intracellular localization of peroxisomal markers.

Conclusion: H-rev107 may enzymatically regulate peroxisomal function.

Significance: These results suggest a physiological role of H-rev107 discovered as a tumor suppressor.
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H-rev107 is a mammalian protein belonging to the HRAS-like
suppressor family. Although the protein was originally found as
a tumor suppressor, currently it is receiving considerable atten-
tion as a regulator of adipocyte lipolysis. We recently revealed
that purified recombinant H-revl107 has phospholipase A,
activity, releasing free fatty acids from glycerophospholipids
with a preference for esterolysis at the su-1 position. In the pres-
ent study, we constitutively expressed H-revl07 in cloned
HEK293 cells to examine its biological function in living cells.
Initially, the cells accumulated free fatty acids. We also found a
remarkable decrease in the levels of ether-type lipids, including
plasmalogen and ether-type triglyceride, with a concomitant
increase in fatty alcohols, substrates for the biosynthesis of
ether-type lipids. Considering that peroxisomes are involved in
the ether-type lipid biosynthesis, we next focused on peroxi-
somes and found that the peroxisomal markers 70-kDa peroxi-
somal membrane protein and catalase were abnormally dis-
tributed in the transfected cells. These biochemical and mor-
phological abnormalities were not seen in HEK293 cells stably
expressing a catalytically inactive mutant of H-rev107. When
H-rev107 or its fusion protein with enhanced green fluores-
cence protein was transiently expressed in mammalian cells,
both proteins were associated with peroxisomes in some of the
observed cells. These results suggest that H-rev107 interferes
with the biosynthesis of ether-type lipids and is responsible for
the dysfunction of peroxisomes in H-rev107-expressing cells.
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In human beings, the HRAS-like suppressor (HRASLS)>
family, or H-rev107 family, consists of five protein molecules
(H-rev107, TIG3 (tazarotene-induced gene 3), A-ClI,
HRASLS2, and Ca®* -independent N-acyltransferase) sharing a
common structure (1, 2). H-rev107 is the first member of this
family to be discovered and has been characterized as a type II
tumor suppressor (3—5). However, we recently found that this
protein shows phospholipase A, ,, (PLA, ,,) activity for glycero-
phospholipids with a preference for hydrolysis at the sn-1 posi-
tion of the glycerol backbone (6, 7). We also reported that other
members of this family function as phospholipid-metabolizing
enzymes (7-9). On the other hand, Duncan et al. (10) reported
that H-rev107 is a novel PLA, enzyme with a preference for
hydrolysis at the sn-2 position.

Notably, H-rev107 was highly expressed in adipose tissues,
and its expression level in white adipose tissues in genetically
obese 0b/0b mice was much higher than that in wild-type mice
(11). In addition, the expression level increased during the dif-
ferentiation of 3T3-L1 cells, a mouse preadipocyte cell line (12).
More recently, Jaworski et al. (11) generated H-rev107-defi-
cient mice and showed that H-rev107 ablation leads to marked
reduction in adipose tissue mass and TG content despite the
occurrence of normal adipogenesis. In the H-rev107-deficient
mice, prostaglandin E, levels were decreased. Prostaglandin E,
is generated from arachidonic acid and by binding to the G-
coupled receptor EP3. The prostaglandin E,-EP3 complex
decreases cyclic AMP levels, resulting in the inactivation of
lipolysis. Thus, it was suggested that H-rev107 stimulates the
accumulation of lipid droplets by functioning as a PLA, that

2 The abbreviations used are: HRASLS, HRAS-like suppressor; ADHAPS, alkyl-
dihydroxyacetone phosphate synthase; DHAP, dihydroxyacetone phos-
phate; DHAPAT, dihydroxyacetone phosphate acyltransferase; ESI, electro-
spray ionization; EGFP, enhanced GFP; Far, fatty acyl-CoA reductase;
PMP70, 70-kDa peroxisomal membrane protein; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PLA, phospholipase A; PTS, peroxisomal
targeting signal; TG, triglyceride; TG-E, ether-type triglyceride; ER, endo-
plasmic reticulum; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide.
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releases arachidonic acid abundant in the sn-2 position of glyc-
erophospholipids. However, because the dominant PLA activ-
ity of H-rev107 was not considered, it was likely that H-rev107
has other physiological significance as a PLA; enzyme.

To elucidate the intracellular function of H-rev107, we estab-
lished mammalian cells that stably express recombinant
H-rev107. By using these cells we showed that H-rev107 acts as
PLA,,, in living cells. More importantly, we found for the first
time that the expression of H-rev107 causes a strong reduction
in the levels of ether-type lipids, such as plasmalogen and ether-
type triglyceride (TG-E). We also observed the dysfunction of
peroxisomes where ether-type lipids are formed.

EXPERIMENTAL PROCEDURES

Materials—[1-'*C]Palmitic acid and 1,2-[1-'*C]dipalmi-
toyl-PC were purchased from PerkinElmer Life Sciences.
[1-'*C]Hexadecanol was from Moravek Biochemicals (Brea,
CA). Horseradish peroxidase-linked anti-mouse IgG, horserad-
ish peroxidase-linked anti-rabbit IgG, Hybond P, and an ECL
Plus kit were from GE Healthcare. 1,2-Dipalmitoyl-PC, 1-O-
palmityl-2,3-dipalmitoyl-rac-glycerol, 1-hexadecanol, anti-ac-
tin, anti-H-rev107, and anti-70-kDa peroxisomal membrane
protein (PMP70) monoclonal antibodies and anti-FLAG
monoclonal antibody M2 were from Sigma. Dulbecco’s modi-
fied Eagle’s medium, Alexa 488-conjugated anti-rabbit IgG,
Alexa 488-conjugated anti-mouse IgG, Lipofectamine 2000,
Lipofectamine RNAiIMAX, fetal calf serum, Geneticin, and
pcDNA3.1(+) and pEF1/Myc-His vectors were from Invitro-
gen. An siRNA directed against mouse H-rev107 and a control
siRNA were obtained from B-Bridge International Inc. (Sunny-
vale, CA). Antibodies against protein-disulfide isomerase, syn-
taxin 6, cytochrome ¢ oxidase IV, and lamin A/C were from Cell
Signaling Technology (Danvers, MA). Anti-catalase antibody
was from Abcam Inc. (Cambridge, MA). pEnhanced green flu-
orescence protein-C1 (pEGFP-C1), pEGFP-N1, and pDsRed2-
Peroxi vectors were from Clontech. Permafluor was from
Immunotech (Marseille, France). Colorimetric MTT kit was
from Millipore. The phospholipid C assay kit was from Wako
Diagnostics (Osaka, Japan). Nonidet P-40 was from Nacalai
Tesque, Inc. (Kyoto, Japan). Ex Taqg DNA polymerase and Pri-
meScript RT reagent kit were from TaKaRa Bio Inc. (Ohtsu,
Japan). The RNeasy minikit was from Qiagen. KOD-Plus DNA
polymerase was from TOYOBO (Osaka, Japan). Anti-green flu-
orescence protein (GFP) antibody was from Medical and Bio-
logical Laboratories (Nagoya, Japan). Primulin was from Wako
Pure Chemical Industries (Osaka, Japan). Protein assay dye rea-
gent concentrate was from Bio-Rad, and precoated Silica Gel 60
F,, aluminum sheets (20 X 20 cm, 0.2 mm thick) for TLC were
from Merck. HEK293 and HeLa cells were maintained in Dul-
becco’s modified Eagle’s medium with 10% fetal calf serum at
37 °C in humidified air containing 5% CO.,.

Construction of Expression Vectors—Mouse brain cDNA was
prepared from 5 ug of total RNA of mouse brain using Moloney
murine leukemia virus reverse transcriptase and random hex-
amer. The cDNA encoding N-terminally FLAG-tagged mouse
H-rev107 was amplified by PCR with the mouse brain cDNA as
a template. The primers used were the forward primer 5'-CG-
CACTAGTGGAAAATGGATTACAAGGATGACGACGA-
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TAAGCTAGCACCCATACCAGAACCCAAG-3' (Primer A),
containing an Spel site and an in-frame FLAG sequence, and
the reverse primer 5'-CGCGCGGCCGCTCATTGCTTCT-
GTTTCTTGTTTC-3' (Primer B), containing an NotI site. PCR
was carried out with KOD-Plus DNA polymerase for 30 cycles
at 94 °C for 20 s, 56 °C for 20 s, and 68 °C for 60 s in 5% (v/v)
Me,SO. The obtained DNA fragment was subcloned into the
Spel and NotI sites of pEF1/Myc-His. The cDNA for the cata-
Iytically inactive mutant H-rev107-C113S was prepared by
megaprimer PCR, consisting of two sets of PCRs, using pEF1/
Myc-His vector harboring mouse H-rev107 as a template. An
oligonucleotide 5'-GACCAGCGAGAACAGTGAGCACTTT-
GTGAA-3' (the underline indicates the mismatch) and its
complementary oligonucleotide were used as primers. Primers
A and B were used as the forward primer and the reverse
primer, respectively. In order to construct H-rev107 fused to
the C terminus of EGFP (EGFP-H-rev107), another PCR was
performed using pEF1/Myc-His vector harboring mouse
H-rev107 as a template. The primers used were the forward
primer 5'-CGCGAATTCGATGCTAGCACCCATACCAGA-
3, containing an EcoRI site, and the reverse primer 5'-CGCG-
GATCCTCATTGCTTCTGTTTCTTGTTTCTG-3’, contain-
ing a BamHI site. The obtained DNA fragment was subcloned
into the EcoRI and BamHI sites of pEGFP-C1. To construct
H-rev107 fused to the N terminus of EGFP, PCR was performed
using pEF1/Myc-His vector harboring mouse H-revi07 as a
template. The primers used were the forward primer 5'-CGCG-
AATTCGGAAAATGCTAGCACCCATACCAGAACCC-3', con-
taining an EcoRI site, and the reverse primer 5'-CGCGGATC-
CCCTTGCTTCTGTTTCTTGTTTCTG-3" containing a
BamHI site. The obtained DNA fragment was subcloned into
the EcoRI and BamHI sites of pEGFP-N1. pcDNA3.1(+) vector
harboring N-terminally FLAG-tagged rat H-revI07 was pre-
pared as described previously (6). All constructs were se-
quenced in both directions using an ABI 3130 Genetic Analyzer
(Applied Biosystems Invitrogen).

Stable Expression of H-rev107 in Cells—HEK293 and CHO
cells were transfected with pEF1/Myc-His vector harboring
N-terminally FLAG-tagged mouse H-revI07 or its mutant
C113S or the insert-free pEF1/Myc-His vector by the use of
Lipofectamine 2000. Cells were selected in the medium con-
taining 1 mg/ml Geneticin. Clonal cell lines were isolated by
colony lifting and maintained in the Geneticin-containing
medium. To measure PLA, ,, activity, the harvested cells were
suspended in 20 mMm Tris-HCI (pH 7.4) and sonicated three
times each for 3 s. The cell homogenates (30 ug of protein) were
incubated with 200 wm 1,2-[1-'*C]dipalmitoyl-PC (45,000
cpm) in 100 ul of 50 mm Tris-HCI (pH 8.0), 2 mm DTT, and
0.1% Nonidet P-40 at 37 °C for 30 min. The reaction was termi-
nated with the addition of 320 ul of a mixture of chloroform/
methanol (2:1, v/v) containing 5 mm 3(2)-¢-butyl-4-hydroxy-
anisole. After centrifugation, 100 ul of the lower fraction was
spotted on a silica gel thin layer plate (10-cm height) and devel-
oped at 4 °C for 25 min in chloroform/methanol/H,O (65:25:4,
v/v/v) (solvent A). The distribution of radioactivity on the plate
was quantified using a BAS1500 bioimaging analyzer (FUJIX
Ltd., Tokyo). The protein concentration was determined by the
method of Bradford with BSA as a standard. For the MTT assay,
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cells were plated on 96-well plates, each containing 100 ul of
Dulbecco’s modified Eagle’s medium with 10% fetal calf serum.
The plates were incubated at 37 °C in humidified air containing
5% CO.,. Cell viability was determined based on mitochondrial
conversion of MTT to formazan. Absorbance at 570 nm was
measured at 24 and 48 h after plating.

RNA Interference—To decrease the expression level of
H-rev107, siRNAs were introduced into H-rev107/HEK293
cells with Lipofectamine RNAiMAX according to the manufac-
turer’s instruction. The final concentration of siRNA was 15
nMm. Forty-eight h after transfection, RT-PCR, PLA, ,, assay, and
metabolic labeling with [**C]hexadecanol were performed.

Western Blotting—Samples were separated by SDS-PAGE
and electrotransferred to a hydrophobic polyvinylidene difluo-
ride membrane (Hybond P). The membrane was blocked with
PBS containing 5% dried milk and 0.1% Tween 20 (buffer A) and
then incubated with primary antibodies (1:2,000 dilution) in
buffer A at room temperature for 1 h, followed by incubation
with horseradish peroxidase-labeled secondary antibodies
(1:4,000 dilution) in buffer A at room temperature for 1 h. Pro-
teins were finally treated with an ECL Plus kit and visualized
with the aid of a LAS1000plus lumino-imaging analyzer (FUJIX
Ltd.).

Sucrose Density Gradient Centrifugation—Sucrose density
gradient centrifugation was performed as described previously
(13). The cells harvested from three 150-mm dishes were
homogenized in 1.3 ml of 3 mm imidazole-HCI (pH 7.4) con-
taining 0.25 M sucrose and 1 mm EDTA by a Teflon homoge-
nizer, and the homogenates were centrifuged at 3,000 X g for 10
min to remove nuclei and heavy mitochondria. The resultant
supernatants were centrifuged at 18,000 X g for 15 min to pre-
pare light mitochondrial fractions (18,000 X g pellet). The
supernatants were further centrifuged at 105,000 X g for 55 min
to prepare microsomal fractions (105,000 X g pellets) and cyto-
solic fractions (105,000 X g supernatants). The light mitochon-
drial fractions were suspended in 0.5 ml of 3 mm imidazole-HCl
(pH 7.4) containing 0.25 M sucrose and 1 mm EDTA and layered
onasucrose gradient (1.7 ml 0of 53.9% (w/w), 2.7 ml 0f 45.8%, 2.4
ml of 37.4%, and 1.7 ml of 23.2% from the bottom) and centri-
fuged at 120,000 X g for 3 h with an RPS40T swing rotor (Hita-
chi). Every 1-ml fraction was collected in nine tubes from the
bottom and analyzed by Western blotting together with the
homogenates and microsomal and cytosolic fractions.

RT-PCR—Total RNAs were isolated from cells using an
RNeasy minikit. cDNAs were prepared from 1 ug of total RNA
using a PrimeScript RT reagent kit and subjected to PCR ampli-
fication by Ex Taqg DNA polymerase. The forward and reverse
primers used were as follows: mouse H-rev107, 5'-GCTGAC-
CAGCGAGAACTGTGAGCAC-3' and 5'-CTCCAGCGAT-
GCCTACCGCCTTGAC-3' (nucleotides 476 -500 and 555-—
579, respectively, in GenBank™ accession number NM_
139269); human DHAPAT, 5'-GCAGCAGGAATGGACTTC-
CTGGGAATG-3' and 5'-CTTCGAGGAAAAATTCAACAG-
GAGCATAAC-3' (nucleotides 762-788 and 907-936 in
NM_014236); human ADHAPS, 5'-GAGTACCAATGAGTG-
CAAAGCGCGGAGAG-3" and 5'-CCCATCCATTCCATTT-
CATAACTTCTTGC-3' (nucleotides 206 -234 and 308 -336
in NM_003659); human Far 1, 5'-TGAGGCAGAAAGCTGG-
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ACAGACACC-3" and 5'-CGCTGTTGATTGCTATAATTT-
TCTC-3’ (nucleotides 286 —310 and 384 — 408 in NM_032228);
human Far 2, 5'-TTGTGAGGCCCAAGGCTGGCCAGAC-3’
and 5'-CTCTGATCTTCTCATGCACATTTGG-3' (nucleo-
tides 396 —420 and 485-509 in NM_018099); human PMP70,
5-GTCATTGTCGAAAGGTTGGCATCAC-3' and 5'-AGT-
TGCCTCTGCCATCCATATGCAG-3" (nucleotides 1934—
1958 and 2011-2035 in NM_002858); human catalase, 5'-AAG-
GTTTGGCCTCACAAGGACTACCCTC-3' and 5 -TAGG-
CAAAAAGGCGGCCCTGAAGCATTTTG-3" (nucleotides
990-1017 and 1133-1162 in NM_001752); human GAPDH,
5'-CGCTGAGTACGTCGTGGAGTCCACT-3" and 5'-AGC-
AGAGGGGGCAGAGATGATGACC-3" (nucleotides 375-—
399 and 456 —480 in NM_002046). The PCR conditions used
were as follows: denaturation at 96 °C for 20 s, annealing at
60 °C for 20 s, and extension at 72 °C for 20 s (28 cycles).

TLC Analysis—For metabolic labeling, cells were grown at
37 °C to 80% confluence in a 100-mm dish containing Dulbec-
co’s modified Eagle’s medium with 10% fetal calf serum
and were labeled with [1-'*C]hexadecanol (1.6 uCi) or
[1-'*C]palmitic acid (1.6 wCi) for 18 h. Cells were then har-
vested and washed two times with PBS. The total lipids were
extracted by the method of Bligh and Dyer (14), spotted on a
silica gel thin layer plate (20-cm height), and developed at 4 °C
for 1 hin solvent A or hexane/diethyl ether/acetic acid (75:25:1,
v/v/v) (solvent B). The distribution of radioactivity on the plate
was quantified using a BAS1500 bioimaging analyzer. For anal-
ysis of non-radiolabeled lipids, total lipids were extracted from
cells grown in seven 150-mm dishes with acetone or by the
method of Bligh and Dyer (14) and separated by TLC with sol-
vent A or B. Lipids were then visualized with 0.005% primulin
under ultraviolet light (360 nm).

LC-ESI/MS Analysis—The lipids of cultured cells were
extracted by the method of Bligh and Dyer (14). To degrade
plasmenylethanolamine, the cells were treated with 5% trichlo-
roacetic acid (TCA) for 30 min, followed by total lipid extrac-
tion. Mass spectrometry (MS) analysis was performed as
described previously by using a Quattro Micro tandem quadru-
pole mass spectrometer (Waters) equipped with an electros-
pray ionization (ESI) source (15). Phospholipid molecular spe-
cies were separated and analyzed using normal phase liquid
chromatography ESI-MS with a Deverosil Si60 silica column
(150 X 0.3-mm inner diameter, 5-um particle size, Nomura
Chemicals, Nagoya, Japan). The samples were provided by an
UltiMate high performance liquid chromatography system
(Dionex Corp.) into the electrospray interface at a flow rate of 4
ul/min. For both positive and negative ionization, the mobile
phase consisted of acetonitrile/methanol (2:1) containing 0.1%
ammonium formate (pH 6.4) (solvent C) and methanol/water
(2:1) containing 0.1% ammonium formate (pH 6.4) (solvent D).
The mobile phase was started with 100% acetonitrile. After 5
min, the mobile phase was changed from 100% acetonitrile to a
mixture of solvent C and D (90:10). The linear gradient reached
40% solvent C at 20 min. The mobile phase was then held con-
stant for 15 min. Nitrogen was used as drying gas. Desolvation
gas flow was 523 liters/h, and cone gas flow was maintained at
42 liters/h. Desolvation temperature was 150 °C, and source
temperature was 90 °C. The capillary and cone voltages were set
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at 3.4-3.7 kV and 36-40 V, respectively. Argon was used as
collision gas for collision-associated dissociation experiments
ata pressure of 5 X 10~ * millibars. The collision energy was set
to 40 eV for all collision-associated dissociation experiments.
To form lithiated adducts of PC species, lithium acetate was
added to solvent C and D at a concentration of 20 mm. The
molecular species of each phospholipid class was quantified by
comparisons of individual ion peak intensity with dimyris-
toyl-PE and dimyristoleoyl-PC as internal standards.

Analysis of Lysophospholipids by LC-MS/MS—Cells were
homogenized in methanol. The obtained homogenates were
centrifuged at 21,500 X g for 10 min, and the resultant super-
natants were recovered. Concentration of choline-containing
phospholipid was determined using a phospholipid C assay kit.
Injection samples were prepared at 100 um of methanol-ex-
tracted phospholipid mixed with internal standards, 17:0-lyso-
phosphatidic acid, and 17:0-lyso-PC, at 1 um. Ten ul of injec-
tion samples were analyzed by a standard LC-MS/MS method.
Briefly, lysophospholipids were separated by Nanospace LC
(Shiseido, Tokyo, Japan) with a C18 CAPCELL PAK ACR col-
umn (Shiseido), using a gradient of water containing 5 mm
ammonium formate and 95% (v/v) acetonitrile containing 5 mm
ammonium formate and then analyzed by MS/MS using a
Quantum Ultra triple quadrupole mass spectrometer (Thermo
Fisher Scientific). Lyso-PC was monitored in the positive ion
mode, and other lysophospholipids were monitored in the neg-
ative ion mode.

GC/MS Analysis—Isolated lipids were methylated with 2.5%
H,SO, in methanol. The resulting fatty acid methyl esters were
then extracted with hexane and quantitated by GC/MS analysis
using an Agilent 7890A-5975C GC/MS network system (Agi-
lent Technologies, Wilmington, DE) equipped with a DB-23
capillary column (60 m X 0.25 mm X 0.15 um; Agilent Tech-
nologies) using heptadecanoic acid (17:0) as an internal stand-
ard. In the oven temperature program, the temperature was
initiated at 50 °C for 1 min and then raised to 175 °C at 25 °C/
min and to 235 °C at 5 °C/min and held for 5 min. The injector
and detector temperatures were at 250 °C.

Microscopy—Cells were plated onto glass bottom plates and
transiently transfected with pDsRed2-Peroxi vector and/or
pEGFP-C1 vector harboring H-rev107. Forty-eight h after
transfection, the cells were placed in Ringer’s buffer in a tem-
perature-controlled chamber at 37 °C and observed with a
TE300 epifluorescence microscope (Nikon, Tokyo, Japan) (16).
Fluorescent images of live cells were then captured using a
cooled CCD camera controlled by the MetaMorph imaging sys-
tem (Universal Imaging Corp., West Chester, PA). Some spec-
imens were observed with an LSM 700 confocal laser micro-
scope (Carl Zeiss).

Immunocytochemistry—For immunocytochemistry, cells
were cultured on 12-mm glass coverslips containing Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum. The cells
were then fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 10 min. The fixed cells were rinsed in PBS
and treated with 0.25% NH,Cl in PBS for 10 min to quench free
aldehyde groups. The cells were then washed with PBS and
permeabilized with 0.25% Triton X-100 in PBS for 10 min. After
treatment with a blocking buffer (5% BSA in PBS) for 1 h, the
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FIGURE 1. Stable expression of H-rev107 in HEK293 cells. Homogenates
(30 ng of protein) of Mock/HEK293 (Mock), H-rev107/HEK293 (WT), and
C113S/HEK293 cells (C113S) were analyzed by Western blotting with anti-
FLAG antibody (A) or were subjected to the PLA,,, assay with 200 um 1,2-
["*Cldipalmitoyl-PC as a substrate (B and C). The products were separated by
TLC with solvent A (B), and PLA, ,, activity was quantified (mean values + S.D.,
n = 3) (C). The positions of authentic compounds on the TLC plate are indi-
cated. Pal, palmitic acid. D, Mock/HEK293 (solid line), H-rev107/HEK293
(dashed line), and C113S/HEK293 (dotted line) cells were plated at equal num-
bers (2 X 10* cells), and their growth was examined by an MTT assay (mean
values * S.D. (error bars), n = 3).

cells were incubated with antibodies against PMP70 (2 ug/ml),
catalase (1:300 dilution), or H-rev107 (1:100 dilution) in 1%
BSA/PBS for 1 h at room temperature. The cells were washed
with PBS and labeled with Alexa 488-conjugated anti-rabbit
IgG (1:1,000 dilution) in PBS for 1 h. The specimen coverslips
were mounted on glass slides using the mounting medium Per-
mafluor and were observed with an LSM 700 confocal laser
microscope. The signals of Alexa 488 were detected with exci-
tation at 488 nm.

RESULTS

Establishment of HEK293 Cells Stably Expressing H-rev107—
To examine the role of H-rev107 in living cells, we cloned an
HEK293 cell that stably expressed N-terminally FLAG-tagged
mouse H-rev107 under the control of human elongation factor
la-subunit promoter (H-rev107/HEK293 cell). We also estab-
lished an HEK293 cell clone that expressed a catalytically inac-
tive point mutant of H-rev107 (C113S/HEK293 cell). In this
mutant, cysteine 113, which forms the Cys-His-His catalytic
triad (17), was substituted with serine. Stable expression of the
wild-type H-rev107 and the C113S mutant was confirmed by
Western blotting, which gave immunopositive bands with the
expected molecular masses (~19 kDa) (Fig. 14). Judging from
the intensities of the bands, the expression levels of both pro-
teins appeared similar to each other. We next examined PLA, ,
activity of the cell homogenates using ['*C]dipalmitoyl-PC as a
substrate, which was labeled with *C on both 1-O-palmitoyl
and 2-O-palmitoyl chains. When the products were analyzed by
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FIGURE 2. Analysis of neutral lipids and free fatty acids in H-rev107/
HEK293 and C113S/HEK293 cells. A, total lipids were extracted from Mock/
HEK293 (Mock), H-rev107/HEK293 (WT), and C113S/HEK293 (C713S) cells with
acetone, as described under “Experimental Procedures,” and were subjected
to TLC analysis with solvent B. Lipids were visualized with primulin. The exper-
iments were performed three times, and a representative result is shown. The
positions of authentic compounds on the TLC plate are indicated. CE, choles-
teryl ester; FFA, free fatty acid; FAO, free fatty alcohol; C, cholesterol; DG, dig-
lyceride. B and C, cells were radiolabeled with ['*Clhexadecanol, and their
total lipids were extracted and separated by TLC as described in A. Distribu-
tion of radioactivity on the TLC plate is shown (B). Relative radioactivities of
TG-E, TG, and free fatty alcohol are shown (mean values =+ S.D. (error bars),n =
3) (0). The experiments were performed three times, and a representative
result is shown.

TLC, H-revl107/HEK293 cells exhibited strong radioactive
bands corresponding to free palmitic acid and lyso-PC (Fig. 1B).
The PLA, ,, activity was estimated to be 1.36 nmol/min/mg of
protein, which was 9.1-fold higher than that of a mock trans-
fectant (Mock/HEK293 cell) (Fig. 1C). On the other hand, the
PLA, ,, activity of C113S/HEK293 cells was as low as that of
Mock/HEK293 cells. Although H-rev107 was originally found
as a tumor suppressor gene regulating cell growth (3), the trans-
fection of HEK293 cells with H-revi07 or with the C113S
mutant did not alter their growth rates, as examined by an MTT
assay (Fig. 1D).

Examination of Lipid Profile—To clarify whether overex-
pression of H-rev107 affects the lipid profile of HEK293 cells,
we extracted total lipids from the cells and separated them by
TLC. In the assays shown in Fig. 2, we used solvent B, which is
suitable for separation of various neutral lipids and free fatty
acids. As visualized with primulin (Fig. 24), H-rev107 enhanced
bands that comigrated with authentic free fatty acid and free
fatty alcohol as well as remarkably attenuated a band that comi-
grated with authentic TG-E. Identification of the bands as free
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FIGURE 3. Knockdown of H-rev107 in H-rev107/HEK293 cells. A, H-rev107/
HEK293 cells were transfected with a control siRNA (siControl) or H-rev107
siRNA (siH-rev107). After 48 h, total RNAs were isolated and analyzed by RT-
PCR using specific primers for H-rev107 and GAPDH (a control). Mock, Mock/
HEK293 cells. B, the cell homogenates (30 ug of protein) were subjected to
the PLA, , assay with 200 um 1,2-[**Cldipalmitoyl-PC as a substrate. C, after
cells were radiolabeled with ['*Clhexadecanol, total lipids were extracted and
separated by TLC with solvent B, and radioactive TG-E was quantified. TG-E
level of Mock/HEK293 cells is normalized to 100%.
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fatty acid, free fatty alcohol, and TG-E was carried out by
cochromatography with authentic compounds on TLC plates
using two additional solvent systems (CHCIl;/acetone/acetic
acid = 96:4:1 and CHCl;/MeOH/H,0 = 65:25:4). These alter-
ations of the lipid profile were not seen with C113S/HEK293
cells (Fig. 2A). We next metabolically labeled the cells with
[**C]hexadecanol as a representative fatty alcohol and sepa-
rated the resultant radiolabeled lipid molecules by TLC. The
results were in agreement with the aforementioned primulin
staining. Namely, the expression of H-rev107 caused a reduc-
tion in radioactive TG-E by 96% and a concomitant 45-fold
increase in free [**C]hexadecanol (Fig. 2, B and C). Triacyl-type
TG was decreased by 31%. Again, these alterations were not
seen in C113S/HEK293 cells.

To confirm that these alterations were attributable to the
expression of H-revl07 rather than the insertion of the
H-rev107 gene into a specific region of the genome that con-
tains one or more genes related to the biosynthesis of ether-type
lipids, we suppressed the expression of H-rev107 in H-rev107/
HEK293 cells by transiently introducing siRNA against
H-rev107 (Fig. 3A). The suppression led to the partial recovery
of endogenous TG-E levels as well as the reduction in PLA,,,
activity of the cell homogenates (Fig. 3, Band C). In addition, we
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FIGURE 4. Reduction in TG-E levels in H-rev107-expressing cells. After cells were radiolabeled with ['*Clpalmitic acid, total lipids were extracted and
separated by TLC with solvent B, and radioactive TG-E was quantified. A, H-rev107/HEK293 and H-rev107-L/HEK293 cells, both of which expressed mouse
H-rev107, were compared with Mock/HEK293. B, HEK293 cells expressing rat H-rev107 were compared with Mock/HEK293 cells. C, CHO cells expressing mouse

H-rev107 were compared with Mock/CHO cells.
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FIGURE 5. Analysis of fatty acids by GC/MS. Free fatty acids from Mock/
HEK293 (Mock), H-rev107/HEK293 (WT), and C113S/HEK293 (C113S) cells were
subjected to GC/MS after purification by TLC. Heptadecanoic acid (17:0) was
used as an internal standard.

obtained another HEK293 cell clone stably expressing mouse
H-rev107 (H-rev107-L/HEK293 cells), which, when homoge-
nized, showed a lower PLA,,, activity (0.66 nmol/min/mg of
protein). When Mock/HEK293, H-revl107/HEK293, and
H-rev107-L/HEK293 cells were metabolically labeled with
[**C]palmitic acid for 18 h, the ratio of radioactive TG-E levels
was 100:9:60 (Fig. 4A4). To rule out the possibility that this
change occurred only with a combination of mouse H-rev107
and HEK293 cells, we established two additional clones: a
HEK293 cell clone stably expressing rat H-rev107 and a CHO
cell clone stably expressing mouse H-rev107. These two cell
lines also showed remarkable reductions in TG-E levels (Fig. 4,
B and C). Taken together, these results strongly suggested that
the enzyme activity of H-rev107 is responsible for the decrease
in TG-E levels.

We also extracted free fatty acids from the corresponding
band on the TLC plate and quantitated them by GC/MS (Fig. 5).
Consistent with the result shown in Fig. 24, the free fatty acid
level was increased ~20-fold upon overexpression of the cata-
Iytically active H-rev107. The major species of the increased
free fatty acids were saturated fatty acids (16:0 and 18:0) and
monounsaturated fatty acids (18:1(n-9) and 18:1(n-7)), whereas
the levels of polyunsaturated fatty acids, such as linoleic acid
(18:2(n-6)) and arachidonic acid (20:4(x-6)), were very low. In
contrast, the overexpression of the C113S mutant did not
increase the levels of any free fatty acids.
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FIGURE 6. Analysis of glycerophospholipids in H-rev107/HEK293 and
C113S/HEK293 cells. A, the total lipids were extracted from Mock/HEK293
(Mock), H-rev107/HEK293 (WT), and C113S/HEK293 (C113S) cells with acetone as
described under “Experimental Procedures” and were subjected to TLC analysis
with solvent A. Lipids were visualized with primulin. The experiments were per-
formed three times, and a representative result is shown. The positions of
authentic compounds on the TLC plate are indicated. FAO, free fatty alcohol; FFA,
free fatty acid. B and C, cells were radiolabeled with ['“Clhexadecanol, and their
total lipids were extracted and separated by TLC as described in A. Distribution of
radioactivity on the TLC plate is shown (B). Relative radioactivities of PEand PCare
shown (mean values = S.D. (error bars), n = 3) (C). The experiments were per-
formed three times, and a representative result is shown.

We next analyzed phospholipids by TLC using solvent A
(Fig. 6A). The band corresponding to PE from H-rev107/
HEK293 cells appeared fainter than that from Mock/HEK293
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cells. We also analyzed radiolabeled phospholipids obtained by
metabolic labeling with ['*C]hexadecanol (Fig. 6, Band C). The
expression of H-rev107 decreased the radioactive PE level by
41%. Such a decrease in PE levels was not seen in C113S/
HEK293 cells. The levels of radioactive PC were almost the
same among all of the samples. To clarify which species of PE
were decreased by the expression of H-rev107, we analyzed the
extracted phospholipids by LC-ESI/MS. As shown in Fig. 74,
Mock/HEK293 cells contained various diacyl-type PE species
(32:1, 34:1, 36:1, 38:4, and 40:6) and ether-type ethanolamine
phospholipid species (e34:2, €36:2, €36:5, €38:5, and €40:7). Sur-
prisingly, the expression of H-rev107 caused a specific and
remarkable reduction in all of the ether-type ethanolamine
phospholipid species. Similarly, the levels of ether-type choline
phospholipids were decreased in H-rev107/HEK293 cells (Fig.
7B). The profiles of ethanolamine phospholipids and choline
phospholipids in C113S/HEK293 cells were essentially the
same as those of Mock/HEK293 cells. These results showed
that the expression of H-rev107 decreases endogenous levels of
ether-type glycerophospholipids as well as TG-E.

We further characterized molecular species of ether-type
phospholipids. The vinyl ether linkage at the sn-1 position of
phospholipids, such as plasmalogen, is known to be acid-labile
(18). When Mock/HEK293 cells were treated with 5% TCA fol-
lowed by total lipid extraction, the levels of ether-type ethanol-
amine phospholipid species were remarkably decreased,
whereas diacyl-type PE and PC and ether-type choline phos-
pholipids were hardly affected (Fig. 7, A and B). These results
indicated that the observed ether-type ethanolamine and cho-
line phospholipid species are principally plasmenylethanol-
amine and plasmanylcholine species, respectively.

We also performed product ion scanning of [M — H] ™ ions of
ether-type ethanolamine phospholipids (Fig. 84) and [M +
Li]" ions of ether-type choline phospholipids (Fig. 8C) as
described previously (19, 20). These analyses gave detailed
information about molecular species of ether-type phospholip-
ids, which was consistent with the results of acid treatment
(Figs. 7C and 8, B and D).

Moreover, we analyzed endogenous levels of various lyso-
phospholipids (Fig. 7D). H-rev107/HEK293 cells showed sig-
nificantly higher levels of lyso-PC, lysophosphatidic acid, and
lysophosphatidylglycerol than Mock/HEK293 cells, whereas
the levels of lysophosphatidylserine and lysophosphatidylinosi-
tol were significantly lower. Lysophosphatidylethanolamine
did not show a significant difference.

The selective reduction in ether-type lipids raised the possi-
bility that these lipids serve as substrates of H-rev107. However,
purified recombinant rat H-rev107 (6) could hardly hydrolyze
plasmalogen-type ethanolamine phospholipid or TG-E (data
not shown). This result suggested that the reduction in ether-

type lipids is caused by one or more mechanisms different from
direct degradation by H-rev107.

Analysis of Peroxisomal Proteins—The first two steps in the
biosynthetic pathway of ether-type lipids occur in peroxisomes
by dihydroxyacetone phosphate (DHAP) acyltransferase
(DHAPAT) and alkyl-DHAP synthase (ADHAPS) (Fig. 94)
(21). DHAPAT transfers an acyl chain of acyl-CoA to DHAP,
forming acyl- DHAP. ADHAPS replaces the esterified acyl
chain of acyl-DHAP with a fatty alcohol, leading to the forma-
tion of alkyl-DHAP. Alkyl-DHAP is thought to be a common
precursor for plasmalogen and TG-E. Therefore, dysfunction of
these enzymes results in the impairment of ether-type lipid syn-
thesis (21). Furthermore, the fatty acyl-CoA reductases Far 1
and Far 2 supply fatty alcohol used for the formation of ether-
type lipids (22). Overexpression of H-rev107 or the C113S
mutant did not appear to affect the expressions of DHAPAT,
ADHAPS, Far 1, and Far 2 in HEK293 cells (Fig. 9B). PMP70
and catalase are known as marker proteins for peroxisomes.
The expression levels of both mRNAs were also similar among
Mock/HEK293, H-rev107/HEK293, and C113S/HEK293 cells
(Fig. 9B).

We next analyzed subcellular localization of PMP70 and cat-
alase proteins in these cells (Fig. 9C). For this purpose, we pre-
pared three subcellular fractions (18,000 X g pellet as light
mitochondrial fraction, 105,000 X g pellet as microsomal frac-
tion, and 105,000 X g supernatant as cytosolic fraction) from
cell homogenates by sequential centrifugations and further
subjected the resultant light mitochondrial fractions, rich in
peroxisomes, to discontinuous sucrose density gradient cen-
trifugation. PMP70 and catalase proteins were enriched in frac-
tions 4, 5, and 6 of Mock/HEK293 and C113S/HEK293 cells,
whereas the corresponding fractions of H-rev107/HEK293 cells
contained much lower levels of these proteins. Instead, catalase
was mainly detected in the cytosolic fraction of H-rev107/
HEK?293 cells, suggesting the leakage of catalase into cytoplasm.
On the other hand, PMP70 was not detected in any fractions of
H-rev107/HEK293 cells. We also examined subcellular distri-
bution of marker proteins for other organelles (syntaxin 6 for
Golgi apparatus, protein-disulfide isomerase for ER, cyto-
chrome ¢ oxidase IV for mitochondrion, actin for cytosol, and
lamin A/C for nucleus). The results showed that these marker
proteins were localized in the expected fractions of all of the
cells.

For morphological observations, H-rev107/HEK293 and
Mock/HEK293 cells were transiently transfected with the
expression vector harboring DsRed2-Peroxi, a fluorescent
protein targeted to peroxisomes with the aid of peroxisomal
targeting signal 1 (PTS1). When visualized by fluorescence
microscopy, DsRed2-Peroxi exhibited the punctate structure
characteristic of peroxisomes in Mock/HEK293 cells (Fig. 10A).

FIGURE 7. Analysis of PE, PC, and lysophospholipids by LC-ESI/MS. Total lipids were extracted from Mock/HEK293 (Mock), H-rev107/HEK293 (WT), C113S/
HEK293 (C1713S), and 5% TCA-treated Mock/HEK293 (Mock + TCA) cells by the Bligh and Dyer method. A and B, mass spectra of [M + H]* ions of ethanolamine
phospholipids (A) and choline phospholipids (B) were detected by LC-ESI/MS. Dimyristoyl-PE (28:0) (A) and dimyristoleoyl-PC (28:2) (B) were used as internal
standards. C, summary of molecular species of ether-type PE and PC determined by LC-ESI/MS/MS and acid lability. The prefixes “a” and “p” indicate a chain with
an alkyl ether linkage and a chain with a vinyl ether linkage, respectively. D, total lipids were extracted from Mock/HEK293 (black bar) and H-rev107/HEK293
(gray bar) cells, and the indicated lysophospholipids were analyzed by LC-MS/MS. Mean values = S.D. (error bars) are shown (n = 5). The asterisks indicate
significant differences as compared with Mock/HEK293 cells (p < 0.003). LPC, lyso-PC; LPE, lyso-PE; LPS, lysophosphatidylserine; LPI, lysophosphatidylinositol;

LPA, lysophosphatidic acid; LPG, lysophosphatidylglycerol.
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FIGURE 8. Determination of molecular species of ether-type ethanolamine and choline phospholipids by product ion scanning. A, the product ion
spectra of the [M — H] ™ ions of the major ether-type ethanolamine phospholipids (a-e) and 34:1 PE (f) from Mock/HEK293 cells are shown. C, the product ion
spectra of the [M + Lil™* ions of the major ether-type choline phospholipids (a-c) and 34:1 PC (d) from Mock/HEK293 cells are shown. Note that the [M + Li —
591" ion, which is characteristic of ether-type choline phospholipids, is prominent in the product ion spectra of m/z 726.6, 752.6, and 780.6. R,CO- and R,CO-,
the sn-1 and sn-2 acyl chains, respectively, of phospholipids. Band D, molecular species determined by product ion scanning (A and C) and acid-lability (Fig. 7,
A and B) are summarized. The prefixes “a” and “p” indicate a chain with an alkyl ether linkage and a chain with a vinyl ether linkage, respectively.

2714 JOURNAL OF BIOLOGICAL CHEMISTRY RSBV VOLUME 287-NUMBER 4+ JANUARY 20, 2012



H-rev107 Affects Ether-type Lipid Levels and Peroxisomes

A C

Sucrose Density

Peroxisome H123456789MC
( ) PMP70 Mock [ —— ]
DHAP
Acyl-CoA
Y (Peroxisome) WT L I
DHAPAT C113S [ — |
H123456789MC
Fatty alcohol Acyl-DHAP Catalase Mock = = |
~ U ' —
T~ Q) (Peroxisome) WT L '
C113s === |
Alkyl-DHAP
H123456789MC
COX IV Mock L e ]
(Mitochondrion) WT L= — '
C113S | e — ]
Plasmalogen & TG-E
S H123456789MC
0&@ ,\\‘5 Syntaxin 6 Mock = — = 1
B N © . WT = =]
(Golgi apparatus)
Hrevior (D oIS ===
DHAPAT el H123456789M
PDI Mock [= —
e =
C113S [= - 1
Far 1 [ —
H123456789MC
Far 2 [ —— | -
Lamin A/C Mock [- |
PMP70 [~ (Nucleus) wT = |
H123456789MC
caror R i Mook = =
WT [= we —1
Cytosol
(Cy ) C113S [= = =

FIGURE 9. Expression and subcellular distribution of peroxisomal proteins and ether-type lipid-biosynthesizing enzymes in H-rev107/HEK293 cells.
A, outline of the biosynthetic pathway of ether-type lipids. B, total RNAs were isolated from Mock/HEK293 (Mock), H-rev107/HEK293 (WT), and C113S/HEK293
(C1135) cells and analyzed by RT-PCR using specific primers for the indicated molecules. GAPDH was used as a control. C, the homogenates of Mock/HEK293,
H-rev107/HEK293,and C113S/HEK293 cells were fractionated by sequential centrifugation at 3,000 X g, 18,000 X g,and 105,000 X g,and the 18,000 X g pellets

(light mitochondrial fractions) were further subjected to discontinuous sucrose density gradient centrifugation as described under “Experimental Procedures.

"

The homogenates (20 ug of protein in 20 ul) and each fraction (the corresponding volume to the homogenates) were analyzed by Western blotting with
antibodies against the indicated proteins. H, M, and C, homogenate, microsomal fraction (105,000 X g pellet), and cytosolic fraction (105,000 X g supernatant),

respectively. COX IV, cytochrome c oxidase IV; PDI, protein-disulfide isomerase.

However, DsRed2-Peroxi fluorescence was diffusely observed
in the cytosol of H-rev107/HEK293 cells, and the peroxisome-
like structures were absent (Fig. 104). When PMP70 was
immunostained, Mock/HEK293 cells revealed the punctate
staining characteristic of peroxisomes, whereas such punctate
structures of peroxisomes were not observed in H-rev107/
HEK293 cells (Fig. 10B). Additionally, catalase was diffusely
immunostained in H-rev107/HEK293 cells in contrast with the
punctate staining in Mock/HEK293 cells (Fig. 10C). These
results were consistent with the results of Western blotting
shown in Fig. 9C and showed that the overexpression of
H-rev107 alters intracellular localization of peroxisomal mark-
ers. The loss of PMP70 (23, 24) and the leakage of catalase into
cytoplasm (25, 26) are reported in peroxisome deficiency.
Cellular Localization of H-revl07—Previously, H-rev107
fused to the N terminus of EGFP was transiently expressed in
differentiated 3T3-L1 cells and was shown to exist in the ER and

JANUARY 20, 2012+VOLUME 287+NUMBER 4

cytoplasm (10). To determine whether H-rev107 is also present
in peroxisomes, we transiently expressed H-rev107 fused to the
C terminus of EGFP (EGFP-H-rev107) in HEK293 cells. When
analyzed by Western blotting with anti-GFP antibody, the cell
homogenates exhibited two immunopositive bands at ~46 and
~27kDa (Fig. 11A). Based on the deduced amino acid sequence
of H-rev107 fused to EGFP, the ~46 kDa band corresponded to
the whole fusion protein, whereas the ~27 kDa band was pre-
sumed to be a degradation product lacking the H-rev107
region. On the other hand, when EGFP-H-rev107 was tran-
siently expressed in HeLa cells, such a degradation product was
hardly detected (Fig. 114). A similar result was obtained with
H-rev107 fused to the N terminus of EGFP (Fig. 11B). Thus, we
investigated the intracellular distribution of EGFP-H-rev107 in
HeLa cells. When the homogenates of HeLa cells expressing
EGFP-H-revl07 were subjected to ultracentrifugation at
105,000 X g, both the particulate and soluble fractions exhib-
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FIGURE 10. Disappearance of peroxisomal structures from H-rev107/
HEK293 cells. A, Mock/HEK293 cells (top panels) and H-rev107/HEK293 cells
(bottom panels) were cultured on glass slips, transiently transfected with the
DsRed2-Peroxi-expressing vector, and observed with an epifluorescence
microscope. Phase-contrast images (left panels) correspond to fluorescence
images (right panels). Scale bars, 10 um. B, Mock/HEK293 cells (top panels) and
H-rev107/HEK293 cells (bottom panels) were immunostained with anti-
PMP70 antibody and observed with a confocal laser-scanning microscope.
Phase-contrast images (left panels) correspond to fluorescence images (right
panels). Scale bars, 10 um. C, Mock/HEK293 cells (Mock), H-rev107/HEK293
cells (WT), and C113S/HEK293 cells (C773S) were immunostained with anti-
catalase antibody and observed with a confocal laser-scanning microscope.
Areas enclosed with squares are magnified in insets. Scale bars, 10 um.

ited the ~46 kDa immunopositive band as well as PLA, ,, activ-
ity (Fig. 11, C and D). The enzyme activity of the particulate
fraction was about 3-fold higher than that of the soluble frac-
tion. In HeLa cells observed by confocal laser microscopy,
EGFP-H-rev107 was distributed throughout the cytoplasm and
nucleoplasm (Fig. 11E). The reticular pattern suggesting the
presence in ER was not observed. Interestingly, in some of the
observed cells, EGFP-H-rev107 appeared to be associated with
peroxisomes, which were identified by the signal of DsRed2-
Peroxi (arrows in Fig. 11E). Moreover, H-rev107 was transiently
expressed in HEK293 cells together with DsRed2-Peroxi and
immunostained with anti-H-rev107 antibody (Fig. 11F). Fluo-
rescence microscopy revealed partial colocalization of
H-rev107 with DsRed2-Peroxi, supporting the association of
H-rev107 with peroxisomes.
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FIGURE 11. Cellular localization of the transiently expressed H-rev107. A
and B, homogenates (10 ng of protein) of HEK293 and Hela cells, both of
which expressed H-rev107 fused to the C terminus of EGFP (EGFP-H-rev107)
(A) or H-rev107 fused to the N terminus of EGFP (B), were analyzed by Western
blotting with anti-GFP antibody. C and D, particulate (P) and soluble (S) frac-
tions (10 ug of protein) were prepared from the homogenates of Hela cells
expressing EGFP-H-rev107 and were analyzed by Western blotting with anti-
GFP antibody (C) or subjected to the PLA, , assay with 200 um 1,2-['*C]di-
palmitoyl-PC as a substrate (mean values = S.D. (error bars), n = 3) (D). The
PLA, , activity of the homogenates of Mock/HelLa cells (Mock) (10 ug of pro-
tein) is also shown. E, Hela cells were cultured on glass slips, transiently
cotransfected with the EGFP-H-rev107-expressing vector and the DsRed2-
Peroxi-expressing vector, and observed with a confocal laser-scanning micro-
scope. Areas enclosed with squares in a-c are magnified in d-f, respectively.
Images for EGFP-H-rev107 (a and d) and DsRed2-Peroxi (b and e) are merged
in ¢ and f. The arrows in d-f denote colocalization of EGFP-H-rev107 and
DsRed2-Peroxi. Scale bars, 10 um in a-c and 5 um in d-f. F, HEK293 cells
transiently expressing N-terminally FLAG-tagged H-rev107 and DsRed2-Per-
oxi were cultured on glass slips,immunostained with anti-H-rev107 antibody,
and observed with a confocal laser-scanning microscope. Images for
H-rev107 (a) and DsRed2-Peroxi (b) are merged in c. Areas enclosed with
squares are magnified in insets. Scale bars, 10 um.

DISCUSSION

We previously found that the tumor suppressor H-rev107 of
humans, rats, and mice has PLA, ,, activity (6). Later we showed
that the protein also possesses PE N-acyltransferase and lyso-
phospholipid O-acyltransferase activities (7). Duncan et al. (10)
also reported that H-rev107 acts as PLA,,. Similarly, other mem-
bers of the HRASLS family (Ca®>*-independent N-acyltrans-
ferase, TIG3, and HRASLS?2) exhibited phospholipid-metabo-
lizing activities (8, 9). To reveal the intracellular function of
H-rev107, in the present study, we successfully established
HEK293 cells constitutively expressing H-rev107 (H-rev107/
HEK293 cells). The expression of H-rev107 resulted in a con-
siderable accumulation of free fatty acids, indicating that
H-rev107 functions as a PLA, ,, enzyme in the cells. Lysophos-
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pholipid is another product of PLA,,,. The endogenous levels
of some classes of lysophospholipids were increased, whereas
those of other classes were not. The results may be explained by
a rapid turnover of lysophospholipids. More interestingly, we
found that the stable expression of H-rev107 caused a strong
decrease in ether-type lipids, such as plasmalogen and TG-E,
with a concomitant accumulation of fatty alcohols necessary for
the formation of ether-type lipids. Furthermore, we observed
unusual localization or absence of peroxisomal markers. These
phenotypes were not observed in HEK293 cells expressing a
catalytically inactive mutant (C113S) of H-rev107, indicating
that the lipid-metabolizing activity of H-rev107 is involved in
these biochemical and morphological abnormalities. Because
peroxisomes play important roles in the biosynthesis of ether-
type lipids (21, 25-27) and because the decrease in the ether
lipid level is caused by congenital deficiency of proteins
involved in peroxisome biogenesis (28 —30), our results suggest
that the remarkable decrease in the ether-type lipid levels by the
overexpression of H-rev107 might be due to the dysfunction of
peroxisomes.

Two types of peroxisomal dysfunction impair the biosynthe-
sis of ether-type lipids (21). One type of dysfunction is caused by
defects in the peroxisomal enzymes DHAPAT and ADHAPS,
which catalyze the first and second steps in the biosynthesis of
ether-type lipids, respectively (25, 26). This abnormality does
not affect the structure of peroxisomes. The other is caused by
a defect in one of the PEX genes, which causes disappearance of
peroxisomes (21, 31). So far, 32 peroxins have been found to be
encoded by PEX genes (32). These proteins are involved not
only in the biogenesis, proliferation, and division of peroxi-
somes but also in the targeting and import of peroxisomal pro-
teins (33). The dysfunction is related to peroxisome biogenesis
disorders, such as Zellweger syndrome and rhizomelic chon-
drodysplasia punctata (28). The phenotype of H-rev107/
HEK?293 cells is similar to that of the cells with a defect in PEX
genes because the cells showed abnormal localization of the
peroxisomal proteins, catalase and PMP70, despite normal
expression levels of DHAPAT and ADHAPS mRNAs.

To elucidate the subcellular localization of H-rev107, we
constructed a ~46-kDa fusion protein composed of H-rev107
and EGFP. However, the fusion protein was significantly
degraded into a ~27-kDa protein when transiently expressed in
HEK293 cells. Because such a proteolytic degradation did not
occur in HeLa cells, we used the cells for further experiments.
The fusion protein transiently expressed in HelLa cells was
found to exist in both the particulate and soluble fractions, and
its PLA, ,, activity was also detectable in both fractions. We
previously reported a similar distribution pattern with FLAG-
tagged H-rev107 transiently expressed in COS-7 cells (6).
Although the C-terminal hydrophobic domain of H-rev107 is
required for membrane association (4, 10) and H-rev107 fused
to the N terminus of EGFP was cytochemically localized in both
ER and cytoplasm of differentiated 3T3-L1 cells (10), it was
unclear from these studies whether H-rev107 was present in
peroxisomes. Our microscopic observation revealed that
H-rev107 fused to the C terminus of EGFP is in part localized in
peroxisomes despite its lack of typical PTSs, such as C-terminal
PTS1 and N-terminal PTS2 (32). Partial localization of
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H-rev107 in peroxisomes was further supported by the immu-
nocytochemical observation with anti-H-rev107 antibody.
These results suggest that H-rev107 can attach to peroxisomal
membranes and degrade their phospholipids to free fatty acids
and lysophospholipids by its catalytic activity. This damage of
the membranes may cause abnormality of peroxisomes directly
or through dysfunction of peroxisomal proteins, such as perox-
ins. However, further studies are needed to elucidate the mech-
anism by which peroxisomes are specifically impaired by the
expression of H-rev107.

H-rev107 is highly expressed in adipose tissue (7, 10-12),
and its expression is markedly up-regulated during the progres-
sion of adipogenesis (11, 12). Stimulation of peroxisome prolif-
erator-activated receptor <y resulted in the induction of
H-rev107 (12). Plasmalogen levels in white adipose tissues are
much lower in genetically obese 0b/0b mice than in wild-type
mice (34). Furthermore, the TG-E level was high in undifferen-
tiated 3T3-L1 cells but greatly reduced after their differentia-
tion to adipocyte-like cells (35). The levels of ether-type lipids
thus appear to be inversely correlated with the expression level
of H-rev107. These previous findings may be partly explained
by our present finding that H-rev107 expression decreases the
levels of ether-type lipids.

In addition to the biosynthesis of ether-type lipids, peroxi-
somes are involved in the metabolism of a variety of lipids and
other essential biomolecules, such as the degradation of very
long-chain fatty acids, detoxification of hydrogen peroxide, and
purine degradation (36). Moreover, it was recently demon-
strated that generation of alkyl-containing glycosylphosphati-
dylinositol, the lipid portion of mammalian glycosylphos-
phatidylinositol-anchored proteins, is dependent upon the
peroxisomal alkyl-phospholipid biosynthetic pathway (37). It
may be interesting to investigate whether the expression of
H-rev107 also affects these metabolic pathways in peroxisomes.

In summary, our results indicated that the enzyme activity of
H-rev107 decreased intracellular levels of ether-type lipids and
caused abnormality of peroxisomes in H-rev107/HEK293 cells.
The accumulation of free fatty acids suggests that H-rev107
functions as a PLA, , in living cells. Thus, in addition to func-
tioning as a tumor suppressor and a regulator of adipocyte
lipolysis, H-rev107 may regulate peroxisomal metabolism. It
will be of interest to determine whether HRASLS family mem-
bers other than H-rev107 possess similar biological activities.
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