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Abstract The conversion of lysophosphatidic acid (LPA)
to phosphatidic acid is carried out by the microsomal
enzymes l-acylglycerol-3-phosphate-O-acyltransferases (AG-
PATs). These enzymes are specific for acylating LPA at the
sn-2 (carbon 2) position on the glycerol backbone and are
important, because they provide substrates for the synthesis
of phospholipids and triglycerides. At least, mutations in
one isoform, AGPAT2, cause near complete loss of adipose
tissue in humans. We cloned a cDNA predicted to be an AG-
PAT isoform, AGPAT11. This cDNA has been recently iden-
tified also as lysophosphatidylcholine acyltransferase 2
(LPCAT?2) and lyso platelet-activating factor acetyltrans-
ferase. When AGPAT11/LPCAT2/lyso platelet-activating
factor acetyltransferase cDNA was expressed in CHO and
HeLa cells, the protein product localized to the endoplas-
mic reticulum. In vitro enzymatic activity using lysates of
Human Embryonic Kidney-293 cells infected with recombi-
nant AGPAT11/LPCAT2/lyso platelet-activating factor-
acetyltransferase cDNA adenovirus show that the protein
has an AGPAT activity but lacks glycerol-3-phosphate acyl-
transferase enzymatic activity. The AGPAT11 efficiently
uses C18:1 LPA as acyl acceptor and C18:1 fatty acid as an
acyl donor. Thus, it has similar substrate specificities for
LPA and acyl-CoA as shown for AGPAT9 and 10. Expression
of AGPAT11 mRNA was significantly upregulated in human
breast, cervical, and colorectal cancer tissues, indicating its
adjuvant role in the progression of these cancers.ll Our en-
zymatic assays strongly suggest that the cDNA previously
identified as LPCAT2/lyso platelet-activating factor-acetyl-
transferase cDNA has AGPAT activity and thus we prefer to
identify this clone as AGPAT11 as well.—Agarwal, A. K., and
A. Garg. Enzymatic activity of the human l-acylglycerol-3-
phosphate-O-acyltransferase isoform 11: upregulated in
breast and cervical cancers. J. Lipid Res. 51: 2143-2152.
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The biosynthesis of glycerophospholipids and triglycer-
ides in eukaryotic cells initiates with the successive esterifi-
cation of the hydroxyl groups with various fatty acids on
the glyercol-3-phosphate backbone. These acylations are
enzymatic processes catalyzed sequentially by glycerol-3-
phosphate acyltransferases (GPATs), 1-acylglycerol-3-phos-
phate-O-acyltransferases (AGPATs), and diacylglycerol
acyltransferases (DGATs) (1, 2). It is known that phospho-
lipids also undergo remodeling. That is, after the initial
synthesis, the fatty acids are removed by phospholipases
and reacylated by acyltransferases (3-5). To accomplish
this, several phospholipases and acyltransferases are now
known that could carry out this task. We have been inter-
ested in identifying novel sn-2 acyltransferases (AGPATs)
to determine their role in adipocyte biology ever since we
discovered that mutations in AGPAT?2 result in a near-
complete loss of adipose tissue in patients with congenital
generalized lipodystrophy, type 1 (6). We have previously
reported enzymatic properties and tissue expression of
AGPAT isoforms 8-10 (7-9). As more sequences became
available and based on a multiple sequence alignment of
all the previously known AGPATS:, it became apparent that
additional isoforms of AGPAT might also exist. This re-
port describes the cloning and enzymatic activity of an iso-
form we identified as AGPAT11. Because the same cDNA
has been recently reported to acylate lysophosphatidyl
choline and platelet-activating factor (10, 11), we now
identify the clone as AGPAT11/ lysophosphatidylcholine
acyltransferase 2 (LPCATZ2) /lyso platelet-activating factor
acetyltransferase cDNA.

Abbreviations: AGPAT, l-acylglycerol-3-phosphate-O-acyltransferase;
CHO, chinese hamster ovary cell; GPAT, glycerol-3-phosphate acyl-
transferase; HelLa, human (Henrietta Lacks) cervical cancer cell; LPA,
lysophosphatidic acid; LPCAT2, lysophosphatidylcholine acyltrans-
ferase 2; LPI, lysophosphatidylinositol; LPE, lysophosphatidyletha-
nolamine; LPG, lysophosphatidylglycerol; LPS, lysophosphatidylserine;
OREF, open reading frame; PA, phosphatidic acid.
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METHODS

Generation of V5-epitope-tagged wild-type AGPAT11
recombinant adenovirus

The strategy for generating recombinant adenovirus using the
AdEasy adenoviral system (Stratagene, La Jolla, CA) has been de-
scribed previously (9). Briefly, the full-length open reading frame
(ORF) AGPAT11 cDNA was tagged with V5-epitope at the amino-
terminus by amplifying the cDNA from a plasmid containing the
ORF for AGPATI11 (the details for the generation of the cDNA
for human AGPAT11 are described in the supplementary mate-
rial provided with this manuscript), with primers 5- GCGTCGAC-
ATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGAT-
TCTACGAGCCGGTGCGCCCAG -3’; the Vb epitope is under-
lined, and 5-CGCTCGAGTCAGTCATCTTTTTTGTCTGAGG-
TAGC-3". The amplified product was cloned in TA-cloning vector,
sequenced, restriction digested with Xhol, and cloned in the
pShuttleCMV vector at the same site. The orientation of the
insert was confirmed by restriction digest and sequencing of
the plasmid. To generate recombinant adenovirus, the pShuttle-
CMV-AGPATI11 plasmid was digested with Pmel and cotrans-
formed with pAdEasy-1 into BJ5183 cells. The recombinant
AdEasy-1-AGPAT11 plasmid was digested with Pac and trans-
fected in AD293 cells using Lipofectamine-2000. Several viral
pools were further propagated in the same AD293 cells. The viral
pool that showed most enzymatic activity was selected for further
amplification and purification using the Virabind adenovirus pu-
rification kit (Cell Biolabs Inc., San Diego, CA). The generation
of recombinant adenovirus-B-galactosidase has been described
previously (9).

Generation of EGFP-tagged wild-type AGPAT11
expression vector

The construction of the wild-type AGPAT11-GFP fusion pro-
tein was carried out using the AGPAT11 cloned in TA cloning
vector. The ORF for AGPAT11 was amplified using wild-type plas-
mid as the template and primer pair 13 and 14 (supplementary
Table I). The amplified product and the plasmid pEGFP-N3
(Clontech, Mountain View, CA) were restricted with Xhol and
BamHI and cloned in the similar sites. The expression plasmid
was sequenced to ascertain the orientation and the correctness
for the junction sequences.

AGPAT enzymatic activity of AGPAT11 in the cell lysate

For all enzymatic assays, the adenoviral expressed recombi-
nant protein was used. The AD293 cells were infected with AG-
PAT11 recombinant adenovirus at a multiplicity of infection of
150. It is to be noted that the method employed for the virus pu-
rification yielded low level of infectious viral particle. After 48 h,
the infected cells were collected and washed once with PBS. The
viral pellet was resuspended in the lysis buffer (100 mM Tris, pH
7.4, 10 mM NaCl containing protease inhibitor cocktail, Roche,
Indianapolis, IN). The cells were lysed in two different ways: first
with three freeze-thaw cycles and second via sonication which was
carried out at 65% output (which generates energy of 20 J) for
three 6 s bursts with intermittent cooling on ice (Sonics Vibra
Cell, Danbury, CT). The cell lysate was centrifuged at 3,000 g for
10 min at 4°C to remove the cell debris. Protein concentration
was determined by a commercially available colorimetric assay
(Bio-Rad Laboratories, Hercules, CA).

The enzyme activity was determined by measuring the conver-
sion of tritiated lysophosphatidic acid ["H]LPA to tritiated phos-
phatidic acid [’H]PA as described previously (7, 12). Briefly, the
enzymatic reaction was assembled in 200 pl of 100 mM Tris-HCI
buffer, pH 7.4, containing the following: 10 pmol/L LPA (oleoyl-
snl-glycerol-3-phosphate, Avanti Polar Lipids, Alabaster, AL), 50
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pmol/L oleoyl CoA (Sigma, St. Louis, MO), 1 ul of [3H] oleoyl-
LPA (specific activity 30-60 Ci/mmol; PerkinElmer Life and Ana-
Iytic Sciences, Boston, MA), and 1 mg/ml fatty acid free BSA. The
reaction was started by adding 30 pg of cell lysate followed by incu-
bation for 10 min at 37°C. The reaction was terminated by adding
0.5 ml of 1-butanol containing 1 NHCI and to extract phospholip-
ids. The butanol extract was dried under vacuum and the LPA and
PA were resolved using the solvent system: chloroform-methanol-
acetic acid-water (85:12.5:12.5:3). Radioactive spots were identi-
fied by co-migration with unlabeled LPA and PA standard and
visualized in iodine vapors. The [PH]LPA and [*H]PA spots were
scraped and counted for radioactivity (Tri-Carb Liquid Scintilla-
tion Counter 3100TR; PerkinElmer Life Sciences, Boston, MA).
The acyltransferase activity for additional lysophospholipids,
LPE, LPG, LPI, and LPS, all containing the C18:1 fatty acid at
the sn-I position, were determined by substituting these lyso-

phospholipids for LPA.

Acyl-CoA specificity

The specificity of esterification of sn-2 position of [3H]LPA (sm-1-
oleoyl-2-hydroxy-sn-glycerol-3-phosphate) was determined by substi-
tuting the fatty acids with the following acyl-CoAs: octoyl (C8:0)-,
decanoyl (C10:0)-, lauroyl (C12:0)-, tridecanoyl (C13:0)-, myristoyl
(C14:0)-, pentadecanoyl (C15:0)-, palmitoyl (C16:0)-, heptadecanoyl
(C17:0)-, stearoyl (C18:0)-, oleoyl (C18:1)-, linoleoyl (C18:2)-, linole-
noyl (C18:3;n-3)-, y-linolenoyl (C18:3;n-6)-, nonadecanoyl (C19:0)-,
arachidoyl (C20:0)-, arachidonoyl (C20:4;n-6)-, heneicosanoyl
(C21:0)-, behenoyl (C22:0)-, docosahexaenoyl (C22:6;n-3)-, trico-
sanoyl (C23:0)-, lignoceroyl (C24:0)-, nervonoyl (C24:1;n-9), penta-
cosanoyl (C25:0)-, and hexacosanoyl (C26:0)-CoA. The assay
conditions remained the same as described for the AGPAT activity.

sn-1-Acyl-lysophosphaditic acid specificity

To determine the specificity of various LPAs for the enzymatic
activity, the following LPAs with various fatty acids at the sn-1 po-
sition were used for the assay: palmitoyl (C16:0)-, heptadecanoyl
(C17:0)-, stearoyl (C18:0)-, and arachidonoyl (C20:4). The enzy-
matic activity of these LPA species was compared with that of
sn-1-oleoyl (C18:1)-2-hydroxy-sn-glycerol-3-phosphate. The enzy-
matic assay was assembled as before except that unlabeled LPAs
and [MC]oleoyl-CoA were used as substrates, and the activity was
determined by formation of [14C]PA.

GPAT assay

GPAT activity was determined as described earlier (9). Briefly,
Huh?7 cells depleted of AGPAT2 expression by shRNA were in-
fected with recombinant adenoviruses expressing either GPAT1
or AGPATI11 at a multiplicity of infection of 150, and the cell
lysate was prepared as described above. The enzyme reaction was
assembled by adding 60 uM acyl-CoA, 150-800 uM glycerol-3-
phosphate (G-3-P), spiked with either [''C] glycerol-3-phosphate
(American radiolabels) or [MC]oleoyl CoA (Perkin Elmer) in a
buffer mix consisting of 75 mM Tris, pH 7.4, 2 mg/ml BSA, 4 mM
MgCly, and 2 mM DTT in total volume of 200 pl. The enzymatic
reaction was started by adding 100 pg of cell lysate and further
incubated for 20 min at room temperature. The lipid extraction
procedure was the same as for the acyltransferase assay. The
product formed (LPA) was resolved on TLC using the following
solventsystem: chloroform:methanol:acetic acid:H,O (50:25:8:4).
G-3-P and LPA spots were identified by exposure to iodine,
scraped, and quantified. In some assays, PA spots were also
counted for erroneous AGPAT activity.

Western blot analysis

Cells overexpressing V5-tagged AGPAT11 were collected and
lysed in RIPA buffer containing protease inhibitor cocktail



(Roche, Indianapolis, IN). Lysates were centrifuged at 1,000 gfor
10 min to remove cellular debris to obtain the fraction contain-
ing mitochondria, microsomes, and cytosol (WCL). The super-
natant was further fractionated into mitochondria, microsomes,
and cytosol by differential centrifugation. Protein concentrations
were determined using Bio-Rad DC protein assay (BioRad, Her-
cules, CA). Total protein (50 pug) from each fraction was resolved
on 10% SDS-PAGE followed by transfer onto nylon membrane
(Millipore, Billerica, MA). The membrane was blocked with 5%
non-fat milk containing 0.2% Tween-20 and then incubated with
V5 antibody (dilution 1:5,000) conjugated to horseradish alka-
line phosphatase (Invitrogen) for 2 h at room temperature. The
membrane was washed and then incubated with ECL reagent
(GE Healthcare Piscataway, NJ) and exposed to X-ray film to visu-
alize the immunoreactive protein. The same blots were stripped
using the restore, a Western blot stripping buffer (Pierce, Rock-
ford, IL), according to the manufacturer’s protocol, reprobed
with anti-GAPDH antibody at a dilution of 1:5,000, and detected
with IgG conjugated with horseradish peroxidase at a dilution of
1:5,000.

Immunofluorescence microscopy

Stably expressing AGPAT11-EGFP CHO cells were grown on
cover slips 1 day before the experiment. HeLa cells were plated
on cover slips in a 6-well plate and transiently transfected with 1.5
g of AGPATII-EGFP 24 h before the experiment. Cells were
fixed/permeabilized by incubation with methanol (—20°C) for
20 min. Cells were washed 3 x 5 min with PBS and then incubated
with primary antibody (Sec61f at a diluted of 1:200, Upstate,
Lake Placid, NY) for 30 min at 37°C in a humidified chamber.
Cells were then washed 3 x 5 min with PBS and incubated with
AlexaFluor 598 coupled fluorescent secondary antibody (Invitro-
gen) for 30 min at 37°C in a humidified chamber. After incuba-
tion, cells were washed 3 x 5 min with PBS, counter stained with
4’-6-diamidino-2-phenylindole during the washes and mounted
on a glass slide with Aqua Poly/Mount (Polysciences, Inc., War-
rington, PA). Cells were observed with DeltaVision RT Deconvo-
lution Microscope (Applied Precision, LLC; Issaquah, WA).

Quantitative real-time PCR in human tissue panel

Quantitative PCR was performed using the TagMan primer and
probes and designed using primer express software, ABI PRISM
7700 sequence detection system, and PRIMER EXPRESS analysis
software (13) using the human cDNA panel from Clontech (Palo
Alto, CA). To amplify AGPAT11, 100 pg of cDNA was added to the
forward (5-CACTCTTTGACAGGAACCATGATG-3’) and reverse
(5-ACAGCCAGGCCAATCACATAC-3") primers along with fam-
labeled probe (CAGCATTGACTTCCG) and universal mix con-
taining AmpliTaq and appropriate buffers. The PCR was followed
for 40 cycles of 94°C for 15 s and 60°C for 30 s. The cDNA was
amplified in duplicate along with G3PDH as an internal control.
The ACt value for each tissue was calculated as ACt = [Ct (tissue)
— Ct (G3PDH) | where necessary.

Human tissues and cell lines

To determine the expression of AGPATI11 in various carcino-
mas, we used cultured cells derived from the human colon,
breast, and cervix cancer tissues, as well as human carcinoma tis-
sues. The HEK293, T84, HT-29, SW480, SW620, CaCo-2, MCF-7,
and MDAMB231 were from ATCC (Manassas, VA). All cells were
cultured in DMEM supplemented with 10% serum and antibiot-
ics, except HT-29, which was cultured in McCoy’s 5a medium,
SW480, and SW620 in Leibovitz’s L-15 medium and T84 in
DMEM/F12 1:1 medium. The human tissues were obtained
through The Cooperative Human Tissue Network, Southern Di-
vision, University of Alabama at Birmingham, Birmingham, AL.

Total RNA isolation and reverse transcription

The cultured cells were lysed in RNA Stat-60 (Tel-Test, Inc.,
Friendswood, TX). Similarly, the normal and carcinoma tissues
were homogenized in RNA Stat-60 to obtain total RNA as sug-
gested by the manufacturer. A known quantity of total RNA (1 ng)
was treated with DNase I to remove residual DNA, and the RNA
was reverse transcribed with omniscript RT kit following the manu-
facturer’s protocol (Qiagen) in a total volume of 20 1. The expres-
sion of AGPAT11 was quantified using Assay on Demand TaqMan
Master Mix from ABI (primer/probe set Hs00215225_ml).

Statistical analysis

All quantitative enzymatic data are shown as mean + SD. Pval-
ues were obtained using a Student’s test. Statistical analyses were
performed using the SAS version 9.13 (SAS Institute, Cary, NC).

RESULTS

Tissue distribution and quantitative expression in human
tissue panel

The northern blot analysis detected two mRNA of ap-
proximate sizes close to 4 and 5 kb in heart, skeletal mus-
cle, and peripheral leukocyte (supplementary Fig. I). We
expanded our search for expression in human tissues by
using cDNA and quantified using real-time PCR. Shown in
Table 1 are the ACt values for various tissues after being
normalized to the housekeeping gene G3PDH. In this tis-
sue panel, the highest expression was detected in the lung
and the leukocytes, with slightly decreased expression in
the spleen and adipose tissue. The multiple protein align-
ment of known AGPATs reveals that human AGPATI11 is
very close to the human AGPAT9 (Fig. 1A). The mRNA
expression data for the two isoforms, AGPAT9/LPCAT]I,
which we reported earlier (8), and AGPAT11/LPCAT?2
(this study), are also similar to what we reported previ-
ously. Quantitative real-time PCR revealed that the two iso-
forms have very similar expression patterns for most tissues
in humans, except that AGPAT11/LPCAT?2 is expressed
1- to 2-fold less than AGPATY9/LPCAT]1. However, in the
lung, spleen, and leukocytes, AGPAT11 is expressed 5- to
6-fold less than the AGPAT9.

Comparison with other known AGPATs

Multiple sequence alignment of the known human AG-
PATSs revealed that AGPAT11 was more similar to AGPAT9

TABLE 1. Tissue distribution of human AGPATI1 as quantified
by TagMan real-time PCR

Tissue Ct values Tissue Ct values
Heart 11.00 Prostate 8.85
Brain 9.82 Testis 8.39
Placenta 8.06 Ovary 8.60
S. muscle 14.81 S. intestine 8.64
Kidney 9.41 Colon 8.80
Pancreas 8.12 Leukocyte 6.98
Lung 6.99 Adipose 7.84
Spleen 7.31 Liver 11.14
Thymus 10.31

Shown are the mean ACt values, performed in duplicate and
corrected for internal control, G3PDH. S. muscle, skeletal muscle; S.
intestine, small intestine.
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Fig. 1. Multiple sequence alignment. A: Evolutionary dendrogram and conserved protein motifs among
AGPATs. The dendrogram was computed from the aligned protein sequences using the ClustalW algorithm
and VectorNTi’s phylogenetic tree program with default settings. B: Alignment of amino acid sequences of
AGPAT11 from the human, mouse, and zebrafish. The two conserved motifs, N/PHX,D and EGTR/C, are
marked with asterisks.
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than any other acyltransferases within the family (Fig. 1A).
The two isoforms are 58% homologous and 41.5% identi-
cal at the amino acid level. The signature motifs involved
in catalytic and substrate binding, NHX,D and EGTR, are
conserved in all the phospholipid acyltransferases. How-
ever, alignment of AGPAT11 human isoform with mouse
and zebrafish showed that the arginine residue in the
EGTR motifis substituted by cysteine, and in motif NHX,D,
the asparagine is substituted with proline (Fig. 1B).

Subcellular localization of AGPAT11-GFP

In CHO cells stably expressing the human AGPATI11-
GFP fusion protein, fluorescence microscopy showed an
endoplasmic reticulum (ER)-like expression pattern. This
subcellular localization was confirmed by colocalizing AG-
PAT11-GFP with the ER-specific protein sec61-3 (Fig. 2).
The subcellular localization was further confirmed in
HeLa cells, except that the cells were transiently trans-
fected with the AGPAT11-GFP construct, which again lo-
calized to ER (Fig. 2).

AGPAT activity

We initially created stable CHO cells expressing AG-
PATI11. However, we were unable to detect any signifi-
cant AGPAT activity compared with those expressing

GFP

CHO cells

GFP

HelLa cells

Sec 61B

Sec 618

B-galactosidase. Most likely, this was due to excessive back-
ground (data notshown). We then generated recombinant
adenovirus expressing AGPATI11 and expressed it in the
AD293 cells. To determine the expression of AGPATI11
protein, the cell lysates were fractionated into subcellular
fractions and subjected to Western blot analysis. As shown
in Fig. 3A the expression of AGPAT11 could be recovered
in both the mitochondria and microsomes, but not in the
cytosol fraction. Immunofluorescence localization of AG-
PAT11 did not reveal that the protein localizes to the mi-
tochondria other than the ER. This could be due to a
couple of reasons: it could be an artifact of the overexpres-
sion of the recombinant adenovirus in AD293 cells, or, al-
ternatively, it could be the feature of the host cells. When
the enzymatic activity was determined in various cellular
fractions, only the microsomal fraction showed significant
AGPAT activity (Fig. 3B).

Because we observed AGPAT activity for AGPATI1 in
microsomes and its detection in mitochondria by Western
blot, for all further enzymatic assays we employed postnu-
clear fraction. We then performed preliminary optimiza-
tion for the AGPAT enzymatic activity. First, the cells were
subjected to either freeze-thaw or only sonication of the
cellular lysate and determined the AGPAT activity. As
shown in Fig. 4A, the sonicated lysate retained much more

Merge

Fig. 2. Localization of AGPAT11-GFP to ER in cultured cells. Upper panel: CHO cells overexpressing AGPAT11-GFP were fixed in metha-
nol and incubated with antibody, specific for ER, sec61 and imaged for green and red fluorescence using fluorescence microscopy. Shown
are representative images for sec61f (red fluorescence), AGPAT11 (green fluorescence), 4’-6-diamidino-2-phenylindole (blue fluores-
cence), and the merge. Lower panel: The HeLa cells were transiently transfected with AGPAT11-GFP construct. The cells were fixed as

above after 48 h of transfection and processed as for CHO cells.
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Fig. 3. Western blot of wild-type human AGPAT11 and AGPAT enzymatic activity in AD293 cells. A: The
Western blot for the recombinant AGPAT11 protein from the whole cell lysate and various subcellular frac-
tions, as probed with V5-antibody. LacZ cell lysates were loaded as a negative control. Even-numbered lanes
represent recombinant AGPAT11 and odd-numbered represent -galactosidase (control). The same blot
was stripped and reprobed with full form G3PDH to demonstrate protein loading. B: The AGPAT activity
determined as conversion of "H-LPA to "H-PA in the presence of oleoyl-CoA and expressed as product
("H-PA) formed per minute per milligram protein. The LPA to PA conversion by recombinant adenovirus
B-galactosidase was used as a control. Not shown is the conversion of substrate in the absence of enzyme.
Each bar represents mean + SD from two independent experiments carried out in triplicate. WCL, whole cell

lysate. P~value is shown above the bars.

AGPAT activity than the freeze-thaw. We then determined
enzymatic activity of the cell lysate obtained by sonicating
either freshly prepared or frozen cell lysate. In our hands,
there was no significant difference between the two pro-
cessing methods (Fig. 4B). Therefore, for all the enzymatic
activity assays, we used cellular lysate obtained by sonica-
tion of frozen lysates for ease of the experiments (Fig.

4Q).

Substrate specificity of AGPAT11

Because human AGPAT11 revealed AGPAT activity, we
then determined its acyl-CoA and LPA specificity. We em-
ployed a panel of LPAs with various long-chain fatty acids
at the sn-I position and using oleoyl-CoA to determine the
AGPAT activity as shown in Figure 5A. AGPAT11 appears
to have broader preferences for the LPA containing satu-
rated fatty acids C16:0-C18:0, including LPA containing
monounsaturated fatty acid (C18:1). LPA with fatty acid
C20:4 is acylated at only about one-half maximal rate com-
pared with other LPAs.

Because the LPA with C18:1 fatty acid retained signifi-
cant enzymatic activity, we used this LPA as the acyl accep-
tor to determine the specificity of various acyl-CoA. The
panel consists of fatty acids from C8:0 to C26:0, including
some with unsaturated fatty acid. The preferred acyl do-
nor was in the order of C18:1 > C16:0 > C18:2 > C17:0.
Fatty acids consisting of short-chain carbon: C8:0 to C13:0
and very long-chain from C20:0 to C26:0 retained no enzy-
matic activity (Fig. 5B). There also appeared to be an up-
per limit for the C18 fatty acid unsaturation. The acyl-CoA
(C18:3) consisting of three double bonds did not acylate
the LPA to PA.

We employed various other lysophospholipids, LPS,
LPE, LPI, and LPG, to ascertain whether AGPAT11 could
esterify these phospholipids. AGPAT11 did not show any
significant acyltransferase activity above the background
for LPG, LPE, or LPI. LPS is the only other lysophospho-
lipid for which AGPATI1 retained some enzymatic activ-
ity, but is not as robust as when LPA is the acyl acceptor
(Fig. 6A). We then investigated if the AGPATI1I1 has any

A B C

T 25 = 25 = 25

2 ‘@ A e

‘é‘ 2.0 [ Freeze/Thaw € 20 [ Fresh @
"E = @ sonication ‘? = B Frozen 22 20
3815 SE 15 25 I
& <E 1 5215 |
-z == g B
< £ 1.0 o« = 1.0 ==
a £ o B =
&= & E g £ 10

° - -~

g 0.5 E 0.5 4'2 0.5

0 — - = o= £ ool ==
LacZ Ad-AGPAT11 LacZ Ad-AGPAT11 LacZ Ad-AGPAT11

Fig. 4. Optimization of AGPAT11 enzymatic activity in cellular lysates. A: AGPAT activity in cell lysates upon processing of the cells either
by three cycles of freeze-thaw or by sonication. B: The AGPAT activity when determined either with freshly prepared lysates or frozen
and thawed again. C: AGPAT activity obtained from the cellular lysate frozen and used for the enzymatic activity. All data are expressed as

mean + SD from two independent experiments in triplicate.

2148 Journal of Lipid Research Volume 51, 2010



A 07
06 I
5 05 J_ T [
28 £
28 I
o 04
SE
==
E'é 0.3
2=
g o2
=
0.1 l
0
C18:1 C18:1 C16:0 C17:0 C18:0 C20:4 |
LacZ LPA species
B 30,
251
§ 20
o
2o E
SE
~ 151
L
o E {
(G
<3
E 1.0
£
0.51 m |'}’ ri‘
55 mmﬂ AU O A ﬂﬂﬁ Qofln=s0n
T oD D a® D A o® N ¥ 6?6 oD YD 40 a0 D O DS S
g e e g et
L
LacZ

Fatty Acyl Coenzyme A

Fig. 5. Specificity of AGPAT11 for various LPA and Acyl-CoA. A: LPA specificity of the recombinant human
AGPAT11 expressed in AD293 cells. Specificity of human recombinant AGPAT11 for various species of sn-I-
LPA acceptors was determined using oleoyl-CoA as donor. Various species of LPA with long-chain fatty acids
at sn-1 position were used as acceptors. Activity was expressed as product (*H-PA) formed per minute per
milligram protein. All enzymatic activities were determined in two independent experiments in triplicate.
Bar represents mean + SD. B: Acyl-CoA specificity of recombinant human AGPAT11 expressed in AD293
cells. Specificity of human recombinant AGPAT11 for acyl-CoA donors were determined using sn-I-oleoyl-
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additional acyltransferase activities. It did not show GPAT
activity (Fig. 6B).

Expression of AGPAT11 in human cancer tissues and
cultured cell lines

Because human AGPATI11 has significant homology to
human AGPAT9/LPCAT]1 that is shown to be upregulated
in human colorectal cancer (CRC), we investigated
whether the expression of AGPATI11 was also modulated
in CRC. We examined the expression of AGPATI1 in can-
cer cell lines (Fig. 7A) compared with HEK293 cell line
(which does not represent a cancer cell). The human
breast cancer cells MCF-7 and MDAMB231 did not over-
express AGPATI11 compared with the HEK293 cells. The
expression of AGPAT11 in HeLa cells, which are derived

from human cervical cancer, doubled compared with
HEK293 cells. In the CRC cell lines HT29, SW480, and
CaCo-2, AGPAT11 showed 2-fold, 5-fold, and 3- to 5-fold
increased expression, respectively; however, T84 and
SW620 cells did not. It is interesting to note that SW620 is
derived from SW480 but seems to lose its ability to overex-
press AGPAT11. We also examined the expression of AG-
PATII in pathological tissues. In human cancer tissues,
there is a distinct upregulation of AGPATI1 in breast can-
cer tissue compared with normal breast (Fig. 7B). Because
in normal breast, AGPAT11 expression is undetectable, it
is not possible to present any fold increase in the expres-
sion of the AGPAT11 mRNA. The case for cervical cancer
is similar (Fig. 7C). In CRC tissues, there is at least a 3- to
4-fold increase in the expression of AGPAT11 (Fig. 7D).
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DISCUSSION

Our goal has been to identify new isoforms for the AG-
PAT enzymes and characterize their tissue expression pat-
terns and enzymatic activities in the hope that one of these
isoforms, in addition to AGPATZ2, is also highly expressed
in the adipose tissue, which might provide additional ge-
netic loci for patients with lipodystrophy. We have earlier
reported mutations in the AGPAT2 gene that lead to the
loss of adipose tissue in humans (6). This observation has
now been corroborated in Agpat2 null mice (14).

In this study, we demonstrate that the recombinant AG-
PATI11 protein had AGPAT enzymatic activity when ex-
pressed in AD293 cells and it localizes to the ER. This enzyme
prefers LPA with oleic acid at its sn-I position as an acyl accep-
tor as well as oleoyl-CoA as the acyl donor. This substrate
specificity is very similar to AGPAT9 and 10, which we re-
ported earlier (8, 9). We also showed that AGPAT11 lacks
enzymatic activity toward other lysophospholipids, such as
LPE, LPG, and LPI. However, we did observe reduced but
statistically significant acyltransferase enzymatic activity for
LPS, which was only 50% of that for LPA. The significance of
this substrate specificity remains unclear from this study. The
AGPATII1 has no GPAT activity. Other investigators have
shown that this cDNA has LPCAT activity as well (10, 11).
Although we could show robust AGPAT activity, the LPCAT
activity did not reach statistical significance (data not shown).
It remains unclear why we were unable to detect LPCAT ac-
tivity. Thus, the results of ours and others require additional
experiments to verify these discrepancies.
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The human AGPAT11 islocated on chromosome 16q.13
and consists of 14 exons (supplementary Table II). When
aligned with other known AGPATs, AGPAT11 shows sig-
nificant homology to AGPATY/LPCATI (Fig. 1A) (15).
The human AGPAT11 is highly conserved with the mouse
and zebrafish (Fig. 1B). However, there is no ortholog for
this gene to be found in D. melanogaster or C. elegans. Tissue
expression patterns, using quantitative RT-PCR analysis,
revealed that AGPATI11 is highly expressed in the lung,
spleen, and leukocytes and also present in most other tis-
sues. It is least expressed in the heart, liver, and thymus.
This tissue expression pattern is also very similar to that of
human AGPATY, reported earlier, except for qualitative
differences (8).

The expression of AGPAT2 is upregulated in ovarian
cancer (16). Patients with ovarian cancer have higher lev-
els of circulating LPA, and the ascites fluid is enriched in
LPA level (17). Because the human AGPAT9/LPCAT]1 is
reported to be upregulated in CRC (18), and with the
close homology of this isoform to AGPAT11, we examined
the human tumor tissues for the expression of AGPATI11.
We looked at the cultured cells as well as those from the
tumor tissue. Compared with the normal human breast tis-
sue (with some fibrocystic changes), breast cancer tissue
(with 50-100% tumor tissue) showed significantly in-
creased expression of AGPAT11. We also observed upreg-
ulation of AGPAT11 in cervical cancer tissue (tumor grade
15-90%). The expression of AGPAT11 was reflective to
the degree of tumor tissue present. The higher the tumor
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grade, the greater was the expression of AGPAT11. In CRC
tissues, the expression was increased for AGPAT11. How-
ever, we observed that in normal colon, AGPAT11 is ex-
pressed as well, but less than that observed in the tumor
tissue. Thus, we show that in breast and cervical cancers,
AGPAT11 is activated, because normal breast and cervical
tissue do not reveal significant expression of AGPATI1]1.
An overexpression of AGPATI1 in these tumor tissues
would indicate an elevated level of phosphatidic acid,
which itself is a signaling molecule. PA can activate and
amplify Ras signaling, resulting in mitogen-activated pro-
tein kinase and PI3K/AKT for survival pathways for neo-
plastic anchorage-independent survival of tumors (19-21).
It is also important to mention that a specific PA species
might be generated by the overexpression of AGPATI1I,

required for the activation of downstream target(s) genes
for neoplastic cell proliferation and survival. AGPAT9/LP-
CAT1 is not upregulated in the human breast and cervical
cancer tissues (18).

With this report, there are now at least 11 isoenzymes
possessing AGPAT activity. An obvious question is why so
many of these isoforms are present in the genome, all of
which localize to ER, except AGPAT3, which also seems to
be present in the Golgi apparatus of the cell (22). Itis pos-
sible that despite having similar in vitro enzymatic activity,
the specificity is accorded in conjunction with additional
factor(s) still undetermined. A possibility also exists that
some of these isoforms are expressed in specific ER do-
mains providing AGPAT activity in generating specific
lipid molecules either for localized cellular function or
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localized membrane structure. Alternatively, some of these
enzymes function in concert with phospholipases to re-
model the newly synthesized phospholipids via the Lands
cycle (3, 4). Itis important to mention in this context that
until now, the colocalization of the two enzymes, AGPATSs
and phospholipases has not been demonstrated and none
of these enzymes has been shown to possess transacylase
enzymatic activity.

PA and diacylglycerol, a dephosphorylated product of
PA, are precursors for the biosynthesis for various phos-
pholipids and triacylglycerol. It is possible that all actions
for these enzymes are within the membrane where they
are localized. The phospholipids are integral components
of all the cellular membranes, including those of mito-
chondria, ER, peroxisomes, and plasma membrane. For
ER and mitochondrial biogenesis, there is local demand
for specific phospholipid species. AGPAT isoforms might
fulfill this location-specific role. To understand the func-
tions of various AGPATs, an antibody to each isoform is
required to determine their subcellular localization in-
stead of employing GFP-fusion protein. Future experi-
ments shall be directed toward understanding the specific
role of each of these AGPATS in tissue models to deter-
mine specific subcellular localization (microdomain) and
by developing mouse models by homologous gene dele-
tion to understand their function in whole animals. In this
context, it is important to mention that when Agpat2 null
mice were generated and analyzed, an unexpected role of
monoacylglycerol acyltransferase 1 in the biosynthesis of
triglycerides in liver was discovered (14) HE
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