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Abbreviation

ATGL,;
CL;
CoA;
DHA;
FADS2;
GWAS;
LC3;
LKO;
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PAS;
PC;

PE;

PG;

PI;
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PS;
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SM;
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TG;
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VLDL,;

Vps34;

Adipose triglyceride lipase
Cardiolipin

Coenzyme A

Docosahexaenoic acid

Fatty acid desaturase 2
Genome-Wide Association Study
Light Chain 3

LPIATI1 Liver specific knockout
LysoPI Acyltransferase 1
Membrane bound O-associated Acyltransferase
Non-alcoholic fatty liver disease
Poloxamer 407

Periodic Acid-Schiff
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylglycerol
Phosphatidylinositol
Phosphatidylinositol 3-Phosphate
Phosphatidylinositol phosphates, Phosphoinositide
Phosphatidylserine

Phosphatase and tensin homolog
Polyunsaturated fatty acid
Sphingomyelin

Tamoxifen

Triglyceride

Thin-layer chromatography
Ubiquitin ¢

Very low-density lipoprotein

Vacuolar protein sorting 34



Introduction

Polyunsaturated fatty acids (PUFAs) are required for normal function of mammalian
tissues. It was reported that the lack of PUFAs causes some diseases such as sterility,
ulceration, dermatitis and hepatic steatosis in nutritional and genetic studies, and
PUFA supplementation can alleviate most of those symptoms [1-5].

Most fatty acids including PUFAs in cells exist in the form of phospholipids and
triglycerides (TG). Biological membrane is constituted from various kinds of
phospholipids. The polar head groups divide phospholipids into several classes. Not
only head group classes but also the combination of different fatty acids linked to sn
-1 and sn -2 positions extends the diversity. Phosphatidylinositol (PI) and
phosphoinositides (PIPs), which are phosphorylated forms of PI, are unique among
phospholipids in that > 60-80% of PI or PIPs has stearic acid (18:0) and arachidonic
acid (20:4 n-6), which is one of the most enriched PUFAs, in several mammalian
tissues including liver and brain [6-8] (Fig. 1). After de novo synthesized,
phospholipids are metabolized by phospholipase As (deacylation) and subsequently
by acyltransferases or transacylases (reacylation), termed the Lands’ cycle [7,9-14].

In the in vitro and in vivo studies, specific PUFAs such as arachidonic acid (20:4
n-6) and Mead acid (20:3 n-9) are more efficiently incorporated into PI when added
to culture medium or diet than other PUFAs [15-18]. These reports imply the
significance of fatty acid structure of PI. Previous studies demonstrated that

arachidonic acid in PI is reduced in aged rats [19], ethanol-treated rats [20-23] and



cirrhosis patients [24]. Thus dysregulation of PI acyl chains would be related to
disease.

Recently, RNAi screening in Caenorhabditis elegans has identified the gene coding
lysoPI acyltransferase [25]. The gene, named mboa-7, is evolutionally well conserved
and there is one orthologue in mammals, LPIAT1, named for its enzymatic activity
[26]. LPIAT1/mboa-7 belongs to MBOAT (Membrane Bound O-Acyltransferase)
family and LPIAT1 has highly specific activity for arachidonoyl-CoA and lysoPI
[27,28]. In Lpiatl " mice, there was no LPIAT activity with arachidonoyl-CoA as an
acyl donor and the content of arachidonic acid in PI was reduced [28]. Lpiati " mice
exhibit atrophy of the cortical cortex and hippocampus during embryonic
development [28-30]. Furthermore recent genome-wide association study (GWAS)
revealed variant in LPIAT1 as important risk loci for alcohol-related cirrhosis [31].
These reports suggest that LPIATI1 and its enzymatic product, arachidonoyl PI, have
biologically significant roles. However, because of lethality, it was difficult to assess
the role of LPIAT1and arachidonic acid-containing PI in matured adult mice. In the
present study, I generated conditional Lpiat] knockout mice to study physiological

role of LPIAT1 in adult mice.



Materials and Methods

Generation of Lpiatl floxed mice

A ~2 kb fragment of genomic DNA containing exon 2-4 of the mouse Lpiat] gene
was flanked by two loxP sites containing the neomycin-resistant (neo') cassette (Fig.
2 Mutant allele). The neo’ cassette was flanked by two FRT sites, and deleted by
crossing to flippase-expressing mice (Fig. 2 Floxed allele). I used the following
primers to detect wild-type Lpiatland Lpiatl floxed alleles: P1, 5'-CAC GCC CTT
CAC CAA TGC TG-3', P2, 5'-TGG AGG ACG GTT TGC TAC AGA CTC-3' and
deleted alleles were detected with following primers: P3, 5°-GGG TCA TAA ATG
GAA GTA GAA GTA-3’, P4, 5°-TCT ATA GAG TAA TTT TCC TCC TTG G-3°.
Ubc-CreER"™ [32] mice and Alb-Cre [33] mice were obtained from The Jackson
Laboratory. In Ubc-CreER™ mice, fusion Cre recombinase-ER"? protein is expressed
ubiquitously under control of the human ubiquitin C (UBC) promoter and is
activated by TAM or its metabolite 4-hydroxytamoxifen. In A/b-Cre mice, a nuclear
localization sequence-modified Cre recombinase is expressed in hepatocytes under

1”7 mice were crossed with Ubc-CreER™ and

control of the mouse albumin. Lpiat
Alb-Cre mice to generate Ubc-Cre, Lpiat’”’ and Alb-Cre, Lpiatl” respectively.
Tamoxifen (TAM) was solubilized at a concentration of 20 mg/ml in corn oil (Wako,
Japan) and 200 pul per 20 g body weight was injected intraperitoneally into

8-week-old male mice for 5days to delete Lpiat] gene in Ubc-Cre Lpiatl”’. Mice

were maintained in our animal facility and treated in accordance with the guidelines



of the Institutional Animal Care Committee (Graduate School of Pharmaceutical

Sciences, The University of Tokyo, Tokyo, Japan).

Histological studies

For paraffin-embedded sections, tissues were fixed in Bouin’s fluid (picric acid /
37% formaldehyde / acetic acid = 75 / 25 / 5), dehydrated in gradually increasing
concentrations of ethanol, xylene, paraffin, and then embedded in paraffin. Sections
of 5 um were prepared for H&E or Periodic acid Schiff (PAS) staining. For PAS
staining, a Periodic Acid-Schiff staining kit (Muto Pure chemicals, Japan) was used.
For cryosection, the tissue was embedded directly in O. C. T. compound (Sakura
Finetek Japan), stored at -80 °C, and sections were stained with Oil Red O. For
staining, sections were put at room temperature, and washed with water, rinsed with
60% isopropanol, and stained with Oil Red O solution for 15 min. The sections were

rinsed with 60% isopropanol, washed with water and mounted.

Cell culture and siRNA transfection

Huh-7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum and 100 units/ml penicillin 100 mg/ml
streptomycin, and 2 mM L-glutamine (PSG). Treatment of Bafilomycin A1 (Sigma)
was at 125 nM for 4 hours and then cell proteins were harvested and subjected to
western blotting. SIRNAs were transfected into Huh-7 cells with Lipofectamine™

RNAIMAX (Invitrogen) according to the manufacturer’s protocol. 3days later cells



were detached by treatment with trypsin and EDTA, and collected by centrifugation,
and siRNAs were transfected again. A further 3 days later cells were analyzed. The
final concentration of siRNA was 20 nM. A control small siRNA and human
LPIAT-targeted siRNA (sense, 5’-GCU ACU GCU ACG UGG GAA U dCdA-3°
and antisense, 5’-AUU CCC ACG UAG CAG UAG C dTdG-3") were obtained from

Nippon EGT (Toyama, Japan).

Total RNA isolation and quantitative real-time PCR

Total RNA from Huh-7 was extracted by using Isogen II (Nippongene, Toyama,
Japan) and reverse-transcribed using the High Capacity cDNA Reverse Transcription
kit (Applied biosystems, Foster City, CA). Quantitative real-time PCR was
performed using SYBR Green PCR Master Mix (Takara) and Light-Cycler 480
(Roche Diagnostics). The sequences of the oligonucleotides were as follows. Human
LPIATI1 forward (5’-GCCCTCCCTGATGGAGACA-3) and reverse
(5’-GTAGGTGCGGTAGCGGAAGA-3’), B-actin forward
(5’-ATGAAGATCAAGATCATTGCTCCTC-3”) and reverse
(5’-TGTCCACCTTCCAGCAGATGT-3’). Target gene expression was normalized

on the basis of B-actin content.

Western blotting
Tissues from mice were homogenized in ice-cold lysis buffer (50 mM Tris-HCI pH

7.4, 150 mM NacCl, 1% TritonX-100, 0.5% sodium deoxycholate, 0.1% SDS and 20



mM EDTA) containing protease inhibitors (10 pg/ml leupeptin, 10 pg/ml pepstatin
A, 10 pg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride) by Dounce
homogenizer and incubated for 10 min on ice. After centrifugation at 1,000 xg for 20
min at 4 °C, the supernatants were used as total protein extract. For Huh-7 analysis,
cells were washed with PBS and scraped in ice cold PBS. After centrifugation, cell
pellets were lysed in ice-cold lysis buffer and sonicated. Cells were centrifuged at
15,000 rpm for 10 min at 4 °C, and the supernatants were used as total protein extract.
The protein concentration was measured by the bicinchoninic acid (BCA) assay
(Pierce). Each total protein extract was electrophoresed on an SDS polyacrylamide
gel and transferred to PVDF membranes. Membranes were incubated with 5 or 1%
(w/v) skimmed milk in TTBS buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl,
0.05% (w/v) Tween 20) for 1 hour at room temperature, and incubated with primary
antibody. The following dilutions were used: anti-LPIAT1 (1:200), anti-LC3 (1:500),
anti-GAPDH (1:2000) and anti-B-actin (1:2000). Proteins were detected by enhanced
chemiluminescence (ECL Western blotting detection system; GE Healthcare).
Anti-LPIAT1 was generated in our laboratory [28]. Anti-LC3 was from MBL
(Nagoya, Japan). Anti-GAPDH was from Calbiochem (California, USA).

Anti-B-actin was from Sigma-aldrich (USA).

Lipid extraction
Lipids of each tissue and cells were extracted by the method of Bligh and Dyer [34]

with some modifications. Briefly frozen tissues grinded with pestle or cells in



methanol : water : chloroform =2 : 0.8 : 1 ml were vortexed vigorously and then 1ml
of chloroform and 0.9% KCl were added. After revortexed, the mixture was
centrifuged at 3000 rpm for 5 min at room temperature. The lower phase was
transferred to a new tube (neutral extraction). Upper phase was added with 2 ml of
chloroform and 20 pl of IN HCI. After vortex and centrifugation, the lower phase
were combined to neutral extracted solution (acidic extraction). The extracted
solutions were dried up with centrifugal evaporator, dissolved in methanol :

chloroform =1 : 2, and stored at -20 °C.

LC-ESI-Mass spectrometry analysis

The liquid chromatography-electrospray ionization mass spectrometry
(LC-ESI-MS) analysis was performed by the methods previously described [35].
The liquid chromatography-electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS) analysis was performed on a Shimadzu Nexera ultra high
performance liquid chromatography system (Shimadzu, Kyoto, Japan) coupled with
a QTRAP 4500 hybrid triple quadrupole linear ion trap mass spectrometer (AB
SCIEX, Framingham, MA, USA). Chromatographic separation was performed on an
Acquity UPLC HSS T3 column (100 mm x 2.1 mm, 1.8 um; Waters) maintained at
40 °C using mobile phase A (water : methanol (1 : 1) containing 10 mM ammonium
acetate and 0.2% acetic acid) and mobile phase B (isopropanol/acetone (1 : 1)) in a
gradient program (0—3 min: 30% B—50% B; 3—-24 min: 50% B—90% B; 24-28

min: 30% B) with a flow rate of 0.3 mL/min. Neutral loss scans of 74 Da with a scan
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range of m/z 510-960 for Q1 in the negative ion mode were used to detect PC .
Precursor ion scan of m/z 241 with a scan range of m/z 550-1000 for Q1 in the

negative ion mode was used to detect PI.

Determination of phospholipid composition

Lipids were separated from total lipids by TLC on silica gel 60F254 plates (Merck)
in chloroform : methanol : acetic acid = 65 : 25 : 13. The area of silica gel
corresponding to each phospholipid (SM, PC, PS+PI, PE, PG, CL) was scraped off
the plates. Isolated phospholipids were then extracted by the method of Bligh and
Dyer described above. PS+PI fractions were further separated by TLC in
chloroform : methanol : formic acid : water = 60 : 30 : 7 : 3, then PS and PI were
extracted separately. To determine the amount of each phospholipid, lipid

phosphorus was measured by Bartlett’s method [36].

Measurement of triglyceride, cholesterol, and glycogen

For measurement of triglyceride and cholesterol, TG E Test Wako and Cholesterol E
Test Wako (Wako, Japan) were used respectively. Lipid extract was dried in a glass
and added 15% TritonX-100 in acetone. After dried up reaction solutions were added,
incubated at 37 °C for 10 min, and the color development was measured at 600 nm.
For measurement of glycogen, Glycogen Colorimetric / Fluorometric assay kit
(Biovision) were used according to manufacturer’s instruction. In brief, liver

homogenate or cells sonicated in water were boiled at 95 °C for 10min to inactivate
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glucosidases. After centrifugation at 18,000 xg for 10min, supernatants were assayed.

These three parameters were normalized by protein content or tissue weight.

Measurement of hepatic TG secretion rate in vivo

Measurement of hepatic TG secretion rate was performed as previous report [37]
with slight modification. Mice were fasted from AM 10:00 for 6 hours and
intraperitoneally injected with 200 pl of 1 mg/ml Poloxamer 407 (P-407) (Sigma)
solution in sterile PBS. Blood was collected prior to injection (0 hour) and at 1.5, 4, 6
hours after injection. TG was measured with Serum Triglyceride Determination Kit

(Sigma). TG secretion rate was expressed in mg/dl/hr.

Plasma lipids profile

Blood samples were collected with EDTA from the mice fasted for 6 hours. Plasma
lipoprotein profiles were analyzed by an online dual enzymatic method using
high-performance liquid chromatography (HPLC) (Skylight Biotech, Inc., Tokyo,

Japan)

TG synthesis assay and pulse-chase assay

The siRNA treated Huh-7 cells were incubated in DMEM supplemented with 10%
fetal calf serum and PSG containing and 0.4 pCi per well of ['*C] glycerol (0.667
nmol) for 2 or 24 hours. Then cell lipids were extracted and separated by TLC in

hexane : diethyl ether : acetic acid = 70 : 30 : 1. In the case of pulse-chase assay,
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after cells were incubated with ['*C] glycerol for 24 hours, cells were washed and
chased with ['*C] glycerol free medium. In experiments with ATGL inhibitor,
DMSO or 50 uM ATGL inhibitor was added to the medium in chase time. The

radioactivity in TG normalized by protein content.
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Result
Generation of Lpiatldeficinet mice

To circumvent neonatal lethality of Lpiat/-deficient mice, I generated the
tamoxifen (TAM)-inducible Lpiat] knockout mice (Ubc-CreER™, Lpiatl™) by
crossing the mice carrying floxed alleles of Lpiatl (Fig. 2) with the mice transgenic
for TAM regulated Cre recombinase fusion protein under the control of the
ubiquitously expressed ubiquitin C (Ubc) promoter [32].

8-week-old male Lpiat/”’ mice with or without the Cre-ER™ allele were provided
with TAM, and loxP sites and Lpiatl gene were deleted (Lpiat/*“) only in the mice
with Cre-ER"™ assessed by PCR 1week after the end of TAM treatment (Fig. 3A). A
further 3 weeks later, LPIATI1 protein depletion was confirmed by western blotting
(Fig. 3B).

/4
1

Histological examination of tissues revealed that morphology of Lpiat/™ brains

were normal (Fig. 4), despite of the atrophy of the cerebral cortex and hippocampus

in embryonic Lpiat! deficient mice [28]. Livers of Lpiati**

mice were apparently
normal, but detailed examination revealed that cytoplasmic vacuoles in hepatocytes

were observed (Fig. 5A). Kidney and spleen from Lpiat/*? mice did not show

apparent morphological defects.

Lpiatl deficiency reduces total PI and 18:0/20:4-PI
I next analyzed the molecular species of phospholipids in LpiatI* mice tissues by

LC-MS. Fig. 6A shows the spectra of PI in the liver of Lpiatl** mice, and I found
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that 18:0/20:4-PI was reduced to half and other species such as 18:0/18:2- and
16:0/18:1-PI were increased in comparison with Lpiat /"’ mice. It was consistent with
the previous works in global Lpiatl deficient mice [28,30]. In contrast, fatty acid
composition of other major phospholipids such as PC was not affected (Fig. 6B).
18:0/20:4-PI was also reduced in other tissues such as spleen and kidney in Lpiatl*’
4 mice (Fig. 7). PI content was decreased to approximately 70% of control mice in

liver (Fig. 8). These data indicate that Lpiat/ is essential to maintain the normal PI

levels and species in adult mice.

Lpiatl deficiency causes hepatic steatosis
I then focused on the liver because of morphological defects (Fig. 5A). Liver

sections from Lpiat1**

showed intracellular vacuoles in hepatocytes, and Oil Red O
staining revealed an accumulation of neutral lipids (Fig. 5B). In addition, Periodic
acid Schiff (PAS) staining showed decreased glycogen content (Fig. 5C).

To investigate the cell-autonomous role of Lpiat! in hepatic steatosis, I next crossed
the mice carrying Lpiatl floxed allele with the mice expressing Cre under the control
hepatocyte specific albumin promoter to generate liver specific Lpiat! deficient mice
(LKO). I confirmed the depletion of LPIAT1 protein was specific to liver in LKO
mice by western blotting (Fig. 9A). Both PI level and 20:4-containing PI were
decreased in LKO liver (Fig. 9B, 10). Oil red O and PAS staining revealed that

increased neutral lipids and reduced glycogen storage in LKO liver (Fig. 5B, C). 1

measured the two major neutral lipids, triglycerides (TG) and cholesterols, and
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glycogen, and found that triglyceride was increased and glycogen decreased in LKO
liver (Fig. 11A, C), which was consistent with staining studies. Although the
cholesterol level tends to be increased in LKO liver, a significant change was not
observed in this experiment (Fig. 11B).

Liver produces very low-density lipoprotein (VLDL), which deliver TG from liver
to peripheral tissues [38], and it has been reported that hepatic steatosis was
developed when hepatic TG-rich VLDL secretion was inhibited [39,40]. Therefore I
examined the rate of TG secretion from liver in LKO mice.

Detergent P-407, which block lipolysis of TG in VLDL by plasma lipases, has been
used to determine the rate of TG secretion from liver [37] and the accumulation of
TG in plasma corresponds to newly secreted TG. I injected intraperitoneally P-407
into the fasted mice and monitored TG concentration in plasma. The rate of hepatic
TG secretion in LKO mice was not significantly different from that in control mice
(Fig. 12). To my surprise, TG in plasma was reduced in LKO mice (Fig. 13).
Although the reason for this discrepancy is unclear at present, these data suggest that

the secretion defect is not the reason for development of steatosis.

LPIAT1 is required for normal TG degradation
From a kinetic standpoint, the TG accumulation in hepatocytes occurs when
lipogenesis is elevated, when TG degradation or VLDL secretion is lowered [41].

However it is difficult to measure these activities directly in vivo except for secretion.
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For this reason, I used Huh-7, a human hepatoma cell line, to study the mechanism of
steatosis.

First, I treated Huh-7 cells with siRNA targeting LPIATI1, and confirmed the
knockdown efficiency by quantitative real-time PCR (Fig. 14A) and western blotting
(Fig. 14B). It should be noted that predominant PI species in Huh-7 is 18:0/20:3-PI
instead of 18:0/20:4-PI in normal medium, and the lipid analysis showed the
reduction of 18:0/20:3-PI in LPIAT1 knockdown cells (Fig. 14C). TG levels
increased and glycogen levels decreased in knockdown cells (Fig. 14D, 15).
Furthermore, the expression of siRNA-resistant human LPIAT] restored TG levels
and the fatty acid composition of PI (Fig. 14C, 15). These data are consistent with
the results of studies in vivo.

Next, to determine the mechanism with which LPIATI regulated TG levels, |
examined the activity of TG synthesis in LPIATI] knockdown cells. Cells were
incubated with ['*C] glycerol for 2 hours or 24 hours, and the radioactivity in TG
fraction was measured (Fig. 16). I found that when cells were incubated for 2 hours,
the incorporation of ['*C] glycerol into TG fraction was not changed in LPIATI
knockdown cells in comparison with control cells. This result suggests that
impairment of LPIAT1 didn’t affect the rate of TG de novo synthesis. On the other
hand, when cells were incubated with ['*C] glycerol for longer time (24 hours), the
radioactivity in TG fraction was increased in LPIAT1 knockdown cells, which was

consistent to an accumulation of TG.
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Then, I performed pulse-chase experiments with ['*C] glycerol to examine whether
LPIATI deficiency affects the rate of TG degradation. After incubation with ['*C]
glycerol for 24 hours, cells were washed with PBS, the medium was changed to ['*C]
glycerol-free medium and chased for 0, 2, 8 and 24 hours. I examined the
radioactivity in TG at these time points and found that the radioactivity in TG was
decreased to 29% at 24 hours time point relative to 0 hour time point in control cells.
However, LPIAT1 knockdown cells showed a reduced the rate of TG degradation
and [*C] glycerol labeled TG was decreased only to 51% of its initial level (Fig. 17),

indicating that LPIAT] is required for normal TG degradation.

ATGL inhibitor further inhibits TG degradation in LPIAT1 knockdown cells

Intracellular TG 1is localized mainly in lipid droplets (LDs). TG in LDs is
hydrolyzed either by cytosolic lipases or by lysosomal lipases. For TG degradation in
lysosomes, the macroautophagy is needed to transfer cytosolic stores to lysosomes,
and when macroautophagy is blocked, TG degradation is impaired. The TG
degradation in the cytosol is regulated by the LD proteins such as the PAT protein
family [42,43].

In many cell types including hepatocytes, ATGL (Adipose TG Lipase) is the
cytosolic rate-limiting TG lipase [44]. In pulse-chase experiments, after preincubated
with ['*C] glycerol for 24 hours, cells were incubated 8hr in the presence or absence
of Atglistatin, ATGL specific inhibitor [45]. In the absence of Atglistatin, the

radioactivity of TG was 59% decreased during chase incubations whereas in the
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presence Atglistatin it was only 31% decreased, indicating that ATGL contributes
substantially to the degradation of TG in Huh-7 cells (Fig.18). Next, I performed the
pulse-chase experiments in LPIAT1 knockdown cells, in which TG degradation was
inhibited (Fig. 17), and TG degradation was further inhibited in the presence of
Atglistatin (Fig. 18). These results suggest that ATGL was not fully inhibited, and
triglyceride lipases other than ATGL or autophagic pathway are impaired in LPIATI

knockdown cells.

Loss of LPIAT1 causes LC3 accumulation

To test whether autophagy was blocked in LPIAT1 knockdown cells, I checked the
levels of LC3-II in the presence or absence of bafilomycin Al, which inhibits the
fusion of autophagosome and lysosome and impairs lysosomal degradation [46,47].
The amount of LC3-II protein was low, because autophagosomes and LC3 proteins
are continuously degraded by lysosome. The increase of LC3-II protein in the
presence of bafilomycin Al indicates the amount of LC3-II that is degraded in the
lysosome [48]. I used the antibody that can recognize both LC3-I and —II, although
LC3-I was not detected in Huh-7. LPIATI1 knockdown cells showed increased
LC3-II levels under normal conditions, and treatment of bafilomycin Al in LPIATI
knockdown cells showed an additional increment of the LC3-II levels with
Bafilomycin Al indicating the amounts of degraded LC3-II in LPIAT1 knockdown

cells was reduced (Fig. 19A). Furthermore, I found an accumulation of LC3-I/II in

19



Lpiat]”” Liver (Fig. 19B). These data suggest that autophagic flux is blocked in

LPIAT]1 deficient cells.
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Discussion

In this study I showed that loss of LPIAT1 inhibited TG degradation, and LPIAT1
deficiency in liver leads to hepatic steatosis, the first step of NAFLD (non-alcoholic
fatty liver disease). Although the precise mechanism of impairment of TG
degradation remains unclear, my data imply that LPIATI involves lysosomal TG
degradation (Fig. 18, 19). It should be noted that the impairment of autophagy also
leads to increased hepatic cholesterol [42]. On the other hand, the cholesterol content
in Lpiat] LKO liver was not accumulated although total cholesterol tended to
increase (Fig. 11B). Cholesterol esters are also hydrolyzed by cytosolic cholesteryl
esterases. These enzymes may be activated in LPIAT1 deficient mice. Glycogen
storage was reduced in Lpiatl deficient liver (Fig. 5C, 11). I did not perform further
analysis, and therefore the mechanism of reduced glycogen is unknown. Some lines
of research suggest that glycogen breakdown is accelerated when lipolysis is
impaired [49,50]. Thus, reduced glycogen storage in Lpiatl deficient liver may be
caused by inhibition of TG degradation.

Hepatic steatosis was observed in A6- desaturase Fads2 deficient mice, which is a
genetic model of PUFA deficiency, and supplementation of arachidonic acids
ameliorated the hepatic lipid accumulation, but supplementation of DHA did not [5].
The activation of lipogenic transcription factor SREBP1c was suggested one of the
reasons for hepatic steatosis, but TG degradation activity was not examined in that
report. Hepatic steatosis in Fads2 deficient mice also may be due to impairment of

TG degradation, considering my results.
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My study revealed that when LPIATI1 was lost after brains fully developed, the
mice showed normal morphology in brain (Fig.4), whereas the laminar structures of
the cerebral cortex in embryonic LPIATI1 deficient mice were disarranged as
previously reported [28]. This suggests that Lpiatl is not required for maintaining
normal structure of brain.

PIPs are synthesized by PI kinases and phosphatases and have crucial roles in the
regulation of a wide variety of cellular processes via specific interactions of
PIPs-binding proteins, and dysregulation of PIPs metabolism is associated with many
kinds of human diseases [51,52]. Therefore it is possible that PIPs signaling disruption
in LPIATI deficient cells cause hepatic steatosis. Some reports demonstrated that the
phosphoinositides-metabolizing enzymes were involved in the development of
hepatic steatosis. One example is PTEN (Phosphatase and Tensin Homolog Deleted
from Chromosome 10), which dephosphorylates PI(3,4,5)P; to generate PI(4,5)P;.
PTEN deficient mice exhibited severe hepatomegaly and steatosis, because of
overactivation of lipogenic transcription factors (SREBP1c, PPARY) and Akt
signaling due to elevation of PIP; levels [53,54]. However SREBP1c and PPARYy
mRNA was not elevated in Lpiat] LKO liver and TG synthesis was not affected by
LPIATI1 knockdown in Huh-7 cells (Fig. 16), which suggests that PTEN or PIP; do
not involve in steatosis in Lpiat] deficient mice. Vps34 is also associated with
hepatic steatosis. When Vps34 was deleted in liver, hepatic steatosis was developed
and protein turnover was inhibited [55]. The class III PI 3-kinase Vps34 generates

PI3P from PI, and PI3P involves vesicular trafficking, autophagy and cytokinesis [56].
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The accumulation of neutral lipids in Vps34 deficient liver is likely due to autophagy
impairment. The report also showed that Vps34 deficiency in liver reduced glycogen
storage. These phenotypes are similar to those in Lpiat! deficient mice. Thus,
disruption of PI3P signaling, especially autophagic signaling, may be the major
cause of hepatic steatosis in Lpiatl deficient mice. Our previous report showing that
PI3P signaling is impaired in mboa-7 mutants supports this hypothesis. In C. elegans,
mboa-7 mutants showed abnormal early endosomal morphology and caused
increased LGG-1:: GFP puncta in seam cells, which is used as an autophagosome
marker [57]. Another group reports that knockdown of mboa-7 leads to increased
lethality of treatment with the pathogen Pseudomonas aeruginosa, likely due to
impaired mitophagy, a form of autophagy where defective mitochondria are
selectively degraded [58]. These reports suggest that PI3P signaling is lowered when
mboa-7 gene function is disrupted.

PI is a precursor of PIPs and it is possible that some PIPs are reduced because of PI

1%’* and LKO (Fig. 7,9). Indeed another group have demonstrated

reduction in Lpiat
that liver in Lpiat] deficient mice decreased PIP, with ESI-MS/MS [30]. It should be
noted that the major classes of PI monophosphate is PI4P, and PI3P level is
relatively low in most cells, so it is difficult to estimate the changes in PI3P levels
with ESI-MS/MS. If PIPs levels are reduced as a result of dysregulation of
phosphoinositides-metabolizing enzymes, the effectors will not function properly.

Interestingly Shirouchi and colleagues reported that dietary PI prevented the

development of NAFLD in Zucker rats [59,60]. The rats fed with PI increased liver
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microsomal PI and had elevated B-oxidation activity although no change in fatty acid
synthetic activity in vitro. Thus, total level of PI may affect lipid metabolism.

In the other hand it is possible that the altered fatty acid composition affect PIPs
functions. Previous in vitro assay showed rat brain and liver microsomes have lysoPI
acyltransferase activity but don’t have lysoPIP or lysoPIP, acyltransferase activities
[61], and it is thought in general that PIPs fatty acid composition is almost the same
to PI fatty acid composition and reduced arachidonic acid in PI can change the fatty
acid composition of PIPs [28] whereas some PIPs kinases and phosphatases have
fatty acid selectivity of substrates [62].

It is likely that specific acyl chains in PIPs are required for the physiological
functions in addition to their total levels. Some proteins containing PIPs-binding
domain have been shown to directly interact with not only the head group but also
acyl chains of PIPs in vitro. For example, FYVE domain of yeast Vps27p [63] and
human EEA1 [64,65] have membrane insertion-residues and substitution of them
significantly decreases the affinity to PI3P containing membrane. The reduced 20:4-
containing PI in LPIAT]1 deficient cells may lower the affinity of FYVE domain to
PI3P.

Another example of the PIPs effectors that could interact with acyl chains in PIPs is
a-actinin, which is the major F-actin crosslinking protein. This protein functions as a
dimmer and is regulated by PIP, in vitro and in vivo [66-69]. The study of crystal
structure of human a-actinin-3 actin binding domain suggests that acyl chains of PIP,

disrupt the interaction between linker region of one subunit and the calmodulin-like
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domain of the opposite subunit, which increased binding of a-actinin to F-actin [70].
Recent reports show that PIP, and PIP; can bind to the nuclear receptor SF-1 as
ligands [71,72]. It is suggested that acyl chains of PIP, and PIP; are inserted into the
hydrophobic pockets of SF-1, and IMPK modulates the gene expression under the
control of SF-1 by phosphorylation of exposed head group of PIP,. It is also possible
that LPIATI affect the function of PIPs in cytosol or nucleus.

Acyl chains in phospholipids can function in other ways. The lateral distribution of
phospholipids in biological membrane is dependent on their acyl chains and
phospholipids with saturated acyl chain will form more highly ordered domains than
unsaturated phospholipids [73]. Recent report shows that PI(4,5)P, is highly
concentrated in caveolae and clathrin coated pit, both of which are the kind of
membrane nanodomains [74]. Reduced 20:4-containing PI may alter the localization
of PIPs in membrane and disrupt the downstream signaling in LPIAT1 deficient
cells.

Although further studies are needed to clarify the precise molecular mechanism of
inhibition of TG degradation, I revealed a new role of 20:4-containing PI in hepatic

lipid metabolism.
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Figure 1. Unique fatty acid composition of Pl

(A) Fatty acid composition of PC and Pl of mouse liver analyzed by MS. (B) Pl is
predominatly composed of stearic acid (18:0) at the sn-1 position and arachidonic acid
(20:4) at the sn-2 position.
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Figure 2. Generation of conditional Lpiat1 deficient mice

Diagrams of the Lpiat1 genomic locus and the targeting vector. The positions of PCR
primers are indicated (P1, P2, P3 and P4) under the diagram of Floxed allele. The mice
carrying Floxed allele and deleted allele homozygously in whole bodies are shown as

Lpiat1” and Lpiat14/2 respectively. Liver-specific Lpiat1 deleted mice are shown as LKO.
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Figure 3. Deletion of LPIAT1 in mice tissue.

(A) PCR analysis for LPIAT1 deletion.

(B) Western blotting analysis of LPIAT1. Each tissue was prepared from Lpiat1”f and
Lpiat144 4-weeks after introduction of tamoxifen.
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Figure 4. Lpiat14/4 mice brain display normal morphology
H&E staining sections of cerebral cortex, hippocampus (A) and cerebellum (B) from
Lpiat1” (left) and Lpiat14/4 (right).
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Figure 5. Hepatic steatosis and reduced glycogen storage were observed in Lpiat1
deficient liver

Liver sections from Lpiat1”, Lpiat142 and LKO mice stained with H&E (A), Oil Red O (B)
and Periodic Acid-Schiff (C) staining.
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as internal standard.
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Figure 8. The content of each phospholipid in liver.
Pl was reduced in Lpiat142 mice liver. Data are mean + SEM, n =4, *: p <0.05
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Figure 9. Liver specific Lpiat1 deficient mice

(A) Western blotting analysis of LPIAT1. Each tissue was prepared from 12 week old
male Lpiat1” and Lpiat1 LKO mice.

(B, C) The signal intensity of each phospholipid species in the liver of Lpiat1” and LKO
mice, analyzed by LC-ESI-MS/MS. (B) PI, (C) PC. Data are means + SEM, n =4, *: p <
0.05, **: p<0.01, ***:p < 0.001
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Data are means + SEM, n =4 -6, *; p < 0.05, n.s.; not significant
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Figure 12. In vivo hepatic TG secretion rates

(A) The time course of TG elevation in plasma after mice injected with P-407.
(B) The rate of TG production measured from 0 to 6 hr.

Data are mean + SEM, n =3
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Figure 14. RNAi of LPIAT1 in Huh-7

(A, B) Huh-7 cells were transfected with siRNA targeting LPIAT1. The amount of LPIAT1
mRNA was measured by quantitative real-time PCR (A), and LPIAT1 protein was detected by
western blotting (B).

(C) MS spectra of Pl in Huh-7 cells. Upper, treated with control siRNA, middle, treated with
LPIAT1 siRNA, lower cells expressing RNAi-resistant LPIAT1 treated with LPIAT1 siRNA

(D) glycogen content in Huh-7 . Data are means + SEM, n =3, *** : p < 0.001
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Figure 15. TG content in Huh-7 cells

Huh-7 cells and RNAi —resistant LPIAT1 expressing Huh-7 cells were transfected with
siRNA and TG was measured. Data are means + SEM, n =3, * : p < 0.05, n.s; not
significant. one-way ANOVA Turkey’s test.
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Figure 16. Incorporation of ['“C] glycerol to lipids in Huh-7 cells.

(A) Huh-7 cells were incubated with ['“C] glycerol for 2 hr or 24 hr and total lipids were
separated by one-dimensional TLC.

(B) Incorporation of ['4C] glycerol into TG during indicated time. Data are means = SEM,
n=23%; p<0.05, n.s.; not significant
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Figure 17. Impaired TG degradation by LPIAT1 knockdown

(A) Huh-7 cells were transfected with the siRNA. Cells were incubated with ['#C] glycerol
for 24 hr and medium was replaced by [*C] glycerol-free medium and chased. The time

course of the radioactivity during chase were plotted.

(B) TG degradation rate at 8 hr chase compared with chase initiation time point. Data are
means + SEM, n=3 *; p <0.05
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Figure 18. The effect of Atglistatin, ATGL specific inhibitor, on TG degradation
Huh-7 cells were transfected with siRNA and pulse-chase experiments were performed

as Fig.17. During chase time, Atglistatin (50 yM) or DMSO was added. Mean + SEM, n =

3% p<0.05 *; p<0.01. one-way ANOVA Turkey’s test
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Figure 19. An accumulation of LC3 in LPIAT1 deficient cells and liver

(A) LPIAT1 knockdown Huh-7 cells or control cells were incubated in the presence or in the
absence of Bafilomycin A1. Cell proteins were harvested and subjected to western blotting to
detect LC3-1/11. The ratio of LC3-1l to GAPDH were indicated.

(B) Lpiat1” and Lpiat1%’2 mice liver were prepared for western blotting analysis of LC3-I/11.
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