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Abstract

BACKGROUND & AIMS—Phosphatidylcholines (PCs) are structural and functional
constituents of cell membranes. The activity of acyltransferase (LPCAT) is required for addition
of polyunsaturated fatty acids to the sn-2 position of PCs, and is therefore required to maintain cell
membrane structure and function. LPCAT3 is the most abundant isoform of LPCAT in the small
intestine and liver—are important sites of plasma lipoprotein metabolism. We investigated the
effects of Lpcat3 disruption on lipid metabolism in mice.

METHODS—We disrupted the gene Lpcat3 in C57BL/6J mice to create LPCAT3 knockout (KO)
mice. Livers and small intestinal tissues were collected from LPCAT3 KO and C57BL/6J parental
strain (controls), and levels of LPCAT mRNAs and protein were measured. Levels of lipids and
lipoproteins were measured in plasma samples. We isolated enterocytes from mice and measured
levels of RNAs and proteins involved in lipid uptake by real-time PCR and immunoblot assays,
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respectively. We assessed lipid absorption and PC subspecies in the enterocyte plasma membrane
using liquid chromatography with tandem mass spectometry.

RESULTS—LPCAT3 KO mice survived only 3 weeks after birth. Oil Red O staining showed
that the control but not LPCAT3 KO mice accumulated lipids in the small intestine; levels of
Niemann-Pick C1-like 1 (NPC1L1) and fatty acid transporter protein 4 (FATP4), which regulate
lipid uptake, were greatly reduced in the small intestines of LPCAT3 KO mice. Oral
administration of PC and olive oil allowed the LPCAT3 KO mice to survive, with the same body
weights as controls, but the KO mice had shorter and wider small-intestinal villi and longer and
bigger small intestines. Plasma membranes of enterocytes from LPCAT3 KO mice also had
significant reductions in the composition of polyunsaturated PCs and reduced levels of NPC1L1,
CD36, and FATP4 proteins. These reductions were associated with reduced intestinal uptake of
lipid by the small intestine and reduced plasma levels of cholesterol, phospholipid, and
triglyceride.

CONCLUSIONS—LPCAT3 KO mice have longer and larger small intestines than control mice,
with shorter wide villi, reduced lipid absorption, and lower levels NPC1L1, CD36, and FATP4
proteins. Inhibition of LPCAT3 in the small intestine could be developed as an approach to treat
hyperlipidemia.

Keywords
mouse model; lipid regulation; PUFA; phosphatidylcholine remodeling

INTRODUCTION

Phospholipids comprise the major lipids of cell membranes? and are constituents of plasma
lipoprotein2. Saturated and monounsaturated fatty acids are usually esterified at the sn-1
position, whereas polyunsaturated fatty acids (PUFAS) are esterified at the sn-2 position3.
Phosphatidylcholines (PCs) represent 70% of phospholipids, and are synthesized de novo by
the Kennedy pathway 4. The asymmetrical distribution of fatty acids at the sn-1 and sn-2
positions is maintained in part by a deacylation-reacylation process first proposed by Lands
55 years ago and known as Lands cycle® 5. The deacylation step of the Lands cycle is
catalyzed by calcium-independent phospholipase A2 (iPLA2), which removes saturated or
monosaturated fatty acids from the sn-2 position of PCs. The reacylation step is catalyzed by
lysophosphatidylcholine acyltransferase (LPCAT), which adds PUFA at the sn-2 position of
PCs.

Fatty acids within membrane phospholipids of mammalian cells exhibit considerable
structural diversity®. Unsaturated phospholipid fatty acids have kinks that prevent the
molecules from packing together, enhancing membrane fluidity. An alteration in cell
membrane fatty acid saturation has been implicated in a variety of disorders, including
diabetes, obesity, and heart disease /- 8. A growing body of evidence indicates that PUFA
composition in membrane phospholipids is regulated by LPCATs 9 10, Thus, LPCAT
activities are important for maintaining cell membrane structure and fluidity.
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LPCAT has four isoforms!0. LPCAT3 is the major isoform in the liver and small

intestine 1113, |t belongs to the membrane-bound O-acyltransferase (MBOAT) family, and
encodes a protein of 487 amino acids with a calculated molecular mass of 56 kDa 11.
LPCATS has distinct substrate preferences, strikingly consistent with a role in the Lands’
cycle. LPCATS3 prefers lysoPC with a saturated fatty acid at the sn-1 position, and exhibits
an acyl donor preference toward PUFA-COA at the sn-2 position, such as linoleoyl-CoA and
arachidonoyl-CoA 1114 |t has been reported that LPCAT3 activity is involved in PC
remodeling and in turn has an impact on cell function 1516, | PCAT3 is also a target of liver
X receptor (LXR) 13. 17 which regulates endoplasmic reticulum (ER) stress and
inflammation through the regulation of LPCAT3 13,

Since the liver and small intestine are two key tissues involved in plasma lipoprotein
metabolism, it is conceivable that changes to PC saturation in membrane enterocytes and
hepatocytes could influence the function of membrane-bound transporters or receptors in
lipid metabolism, thus influencing plasma lipid levels. In this study, we created Lpcat3 gene
knockout (KO) mice to evaluate the function of LPCAT3 in lipid uptake and plasma
lipoprotein metabolism.

Materials and Methods

Generation of LPCAT3 Knockout Mouse

Lpcat 3 has 13 exons, with a translation start codon (ATG) in the first exon. This gene is 41
kb in length. We replaced exons 2-12 (5,550 bp) with a Neo cassette and generated the
“null” Lpcat 3 allele. To rescue the lethality of LPCAT3 KO male and female mice, we
gavaged the newborns, starting from day 3 after birth, with PCs (P3556, sigma)/olive oil
(0.5mg/ml, first week 10 pl/day, second week 20ul/day; and third week 50ul/day). At age 4-
weeks old, the supplementation was stopped and the KO mice were fed chow diet same as
WT animals. All mice, male or female, used in this study were 8-12 weeks old, with a
C57BL/6J genetic background. The SUNY Downstate Medical Center Animal Care and Use
Committee approved all animal procedures.

Lipoprotein and Apolipoprotein Assays

Lipoprotein and apolipoprotein in male mice were measured as described previously2,

Cholesterol Absorption

Cholesterol absorption studies were performed in male mice using a conventional fecal dual-
isotope ratio method?8.

Preparation of Primary Enterocytes and Hepatocytes

Primary enterocytes and hepatocytes were isolated according to 2 previous reportsi8: 19,

Total LPCAT Activity Assay

Total LPCAT activity was measured as described previously!2.
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Plasma Membrane and Lipid Rafts Isolation from Primary Enterocytes

Plasma membrane and lipid rafts were isolated from primary enterocytes according two
protocols published by us20.

PC Measurement by Infusion-Based High-Resolution MS

PC subspecies were measured as described previously12,

ApoB-containing Lipoprotein (BLp) Production Rate Measurement (in vivo)

The BLp production rate was measured as described previously2®.

Statistical Analysis

Data are expressed as mean + SD. Data between two groups were analyzed by the unpaired,
two-tailed Student’s t test, and among multiple groups by ANOVA followed by the Student-
Newman-Keuls (SNK) test. A P value of less than 0.05 was considered significant.

RESULTS

LPCAT3 Global Deficiency Exhibited Neonatal lethality Which Can Be Rescued

Mouse LPCAT3 mRNA levels were measured by real-time PCR. The highest expression
was observed in the liver and small intestine (Supplemental Figure 1A). LPCAT3 KO mice
had no detectable LPCAT3 mRNA in the liver or small intestine (Figure 1B) and no
compensatory up-regulation of LPCAT1, LPCAT2, and LPCAT4 mRNA or protein levels
(Supplemental Figure 1B, 1C, 2A, and 2B) were observed.

We found that the targeted allele exhibited Mendelian segregation (Supplemental Figure
1D). However, homozygous KO mice exhibited neonatal lethality within 3 weeks of birth.
In addition, homozygous KO mice had significantly lower body weight than WT and
heterozygous animals beginning at day 3 (Supplemental Figure 3). To find the cause of the
neonatal lethality, we first measured the plasma lipids from 10-days-old mice and found that
LPCATS3 deficiency significantly decreased plasma lipid levels (Figure 1C). The Oil Red O
staining showed that the WT but not the KO mice accumulate lipids in their small intestine
(Figure 1D), suggesting that the LPCATS3 deficiency may block lipid uptake. To explore the
mechanisms, we used immunohistochemistry staining for Niemann-Pick C1-like 1
(NPC1L1Y) and fatty acid transporter protein 4 (FATP4), both are involved in lipid uptake,
and found that both were dramatically decreased in the small intestine from the KO mice
compared with controls (Figure 1E and 1F).

To rescue the LPCAT3 KO mice (both male and female) we tried several approaches. We
gavaged the newborns (n=15) with fish oil or Total Parenteral Nutrition (first week 10
ul/day and second week 20ul/day), but both treatments did not work. We then tried olive oil
(first week 10 pl/day, second week 20ul/day; and third week 50ul/day) on 15 KO animals,
40% of them could be rescued and finally we found that the KO mice can be mostly rescued
(80%) by supplementing the newborns with PCs/olive oil. The KO mice gradually reached
the body weights of their littermates once they began self-feeding. Although there was still a
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difference in body weight between KO and WT mice at 4 weeks (Figure 2A), they were
indistinguishable at 8 weeks (Figure 2A).

Interestingly, at 8 weeks, the small intestine in the KO mice (both sex) was significantly
longer (44%, P < 0.01; Figures 2B and 2C) and larger in diameter (105%, P < 0.001; Figures
2B and 2D) than in controls, with shorter and wider villi (Figure 2E). In contrast, no
morphological changes were observed in LPCAT3-deficient livers compared with controls
(Supplemental Figure 4).

LPCAT3 Deficiency Significantly Decreases LPCAT Activity in the Small Intestine and
Liver, and Decreases Plasma Lipoprotein Levels

We measured total LPCAT activity and found that LPCAT3 deficiency dramatically
decreased total LPCAT activity in the small intestine (85%; Figures 3A) and liver (68%;
Figures 3A), indicating that other LPCAT isoforms do not compensate for the loss of the
major isoform in these tissues.

Next, we measured fasting plasma lipid levels in male mice. We found that a complete
deficiency (as in the homozygous KO) significantly decreased the levels of plasma
cholesterol (50%, P < 0.01), total phospholipids (52%, P < 0.01), and triglycerides (55%, P
< 0.01) compared with controls (Figure 3B). We did not find significant changes to lipid
levels in heterozygous mice. The female mice had very similar phenotype (data not shown).

Assessment of plasma apolipoprotein levels in LPCAT3 KO and control mice by reducing
SDS-PAGE revealed a dramatic decrease in plasma apoA-I levels (61%, P < 0.001; Figures
3C and 3D). No significant changes to apoB or apoE levels were observed (Figures 3C and
3D). Moreover, we found that apoA-I protein, but not mRNA, levels in the KO enterocytes
were significantly reduced (50%) (Supplemental Figure 5A, 5B, and 5C).

Plasma lipid distributions were examined by fast protein liquid chromatography (FPLC)
using pooled plasma. We observed decreased cholesterol and total phospholipid levels in
HDL and non-HDL fractions from KO mice compared with controls (Figures 3E). Non-
HDL triglycerides were also dramatically decreased (Figure 3E).

To evaluate the effect of LPCAT3 deficiency on PCs in the blood, we measured plasma PC
subspecies using LC/MS/MS. We found that sn-2 polyunsaturated PCs (16:0/18:2,
18:1/18:2; 18:1/18:3, and 18:0/20:4) were significantly decreased (Table 1), suggesting that
LPCATS3 contributes significantly to circulating polyunsaturated PCs.

LPCAT3 Deficiency-mediated Reduction of Polyunsaturated PCs in the Enterocyte
Membrane Diminishes Lipid Absorption

Because a defect in lipid uptake could account for the observed plasma lipid profile, we next
assessed the absorption of triglycerides and cholesterol in male KO and WT mice (10-
weeks), using [3H]triolein and [*4C]cholesterol simultaneously. Mice were gavaged with
both radiolabeled lipids, and then radioactivity in the blood was monitored for 24 hr.
LPCAT3 deficiency significantly decreased [3H]-labeled glycerolipids (Figure 4A) and
[14C]cholesterol in the blood (Figure 4B). We also assessed phospholipid absorption, using a
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[14C]phosphatidylcholine (PC) and found the PC absorption was significant reduced in the
KO mice compared with controls (Supplemental Figure 6). Moreover, we also performed
cholesterol absorption studies in the KO and WT mice using a conventional fecal dual-
isotope ratio method 18. 21, followed by collection of feces for 48 hr. We found that KO
mice absorbed significantly less cholesterol than controls (Figure 4C). Moreover, we fed
both KO and WT mice a high-fat, high-cholesterol diet for 10 days, then collected feces for
last 2 days and measured the lipids. We found that feces from KO mice contained more
lipids (Figures 4D), suggesting again that LPCAT3 KO mice absorb less lipids from the diet.

To explore the mechanisms underlying these changes, we isolated enterocytes from
LPCAT3 KO and control mice and performed real-time PCR to measure mRNA levels for
proteins involved in lipid uptake, including Niemann-Pick C1-like 1 (NPC1L1), CD36,
ATP-binding cassette transporters 5 and 8 (ABCG5/8), and ABCAL. We found no
significant change in any of these genes (Supplemental Table 1), suggesting that LPCAT3
deficiency may regulate these genes post-translationally. Previously, we reported that a
liver-specific LPCAT3 knockdown significantly up-regulates microsomal triglyceride
transfer protein (MTP)12, Here, we found that MTP mRNA was significantly increased in
enterocytes of KO mice (Supplemental Table 1).

We then hypothesized that LPCATS3 deficiency may decrease polyunsaturated PCs in
enterocyte apical membranes, resulting in diminished receptor density or membrane-
associated transporter protein levels, thus reducing dietary lipid uptake and plasma lipid
levels. We analyzed PC subspecies populations in the enterocyte plasma membrane using
LC/MS/MS, and found that LPCAT3 deficiency decreased the amount of polyunsaturated
PCs (16:0/18:2, 18:1/18:2, 18:1/18:3, and 18:0/20:4) in the membrane (Table 1). These
changes could impact apical membrane lipid uptake. We also measured lysoPCs, and we did
not find any significant changes (Supplemental Table 2).

Next, we measured NPC1L1, CD36, ABCG8, FATP4, ABCA1L, and MTP protein levels by
western blotting, and found that NPC1L1, CD36, and FATP4 protein levels were
significantly decreased (Figures 4E and 4F), whereas ABCG8 and ABCA1 were not
significantly affected (Figures 4E and 4F). In addition, MTP levels were increased (Figure
4E and 4F).

We further examined NPC1L1 and FATP4 protein levels in enterocytes from KO and WT
mice by immunohistochemistry staining, and found that the both protein expression levels
were greatly reduced in the KO mice (Figure 5A and 5B). This suggests that changes in PC
content in the apical membrane of intestinal cells may diminish NPC1L1, CD36, and FATP4
levels, thus reducing uptake of both triglyceride and cholesterol.

Lipid rafts are highly packed microdomains on the plasma membrane enriched in cholesterol
and sphingomyelin. Lipid rafts contain more saturated PCs than that in non-rafts?2. To
investigate the impact of polyunsaturated PC reduction in NPC1L1 membrane distribution,
we isolated lipid rafts from primary enterocytes and measured NPC1L1 protein levels in
each fraction by Western blot. As indicated in Figures 5C and 5D, NPC1L1 levels in both
lipid rafts and non-rafts regions were significantly decreased in the KO mice compared with
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controls. However, the reduction in non-rafts was much bigger than that in rafts, suggesting
that LPCAT3 deficiency has much bigger influence on non-rafts regions.

Impact of Reduced Polyunsaturated PCs on the Liver

Plasma lipid levels are decreased in LPCAT3 KO mice (Figures 3B and 3E), which might be
partially explained by a defect in liver lipoprotein production. Thus, we next asked whether
LPCATS3 deficiency could also reduce polyunsaturated PC levels in hepatocyte membranes,
and if this could prevent BLp and HDL production. We first measured PC subspecies from
liver homogenates using LC/MS/MS, and found that LPCAT3 deficiency decreased
polyunsaturated PCs (16:0/18:2, 18:1/18:2, 18:1/18:3, and 18:0/20:4) in the liver (Table 1).
We also measured lysoPC levels, and we found that lysoPC20:4 was significantly decreased
and lysoPC22:6 was significantly increased, which were similar to a previous report23
(Supplemental Table 2).

We next measured ABCAL, SR-BI, and MTP mass in liver homogenates, since ABCAL and
SR-BI are involved in HDL metabolism, while MTP is involved in BLp production. We
found that ABCA1but not SR-BI was significantly reduced (Figures 6A and 6B). In
addition, MTP protein levels were significantly increased in livers from KO mice (Figures
6A and 6B), suggesting that these changes may compensate for loss of LPCAT3 in the liver.

We then analyzed nascent BLp and HDL production directly. LPCAT3 KO and WT mice, at
age 12 weeks, were simultaneously injected with [3S]methionine (to label apoB and apoA-
I) and Poloxamer 407 (to block clearance of VLDL from the circulation). Plasma was
collected 120 min after injection, and VLDL and HDL were isolated by ultracentrifugation.
Both [3°S]apoB and [3°S]apoA-I levels were slightly but significantly decreased in VLDL
and HDL from LPCAT3 KO mice, respectively (Figures 6C and 6D).

LPCAT3 Can Be Regulated by Peroxisome Proliferator-Activated Receptora (PPARa) and
Liver X Receptor (LXR)

It has been reported that LPCAT3 is an important mediator of LXR-related metabolic
effects 13, We confirmed this observation by using an LXR agonist (T0901317)
(Supplemental Figures 7A and 7B). We also treated mice with a PPARa agonist
(Fenobibrate) and found LPCAT3 mRNA levels could be up-regulated in the liver but not in
small intestine (Supplemental Figures 7C and 7D).

Although it is known that PPARa agonists up-regulate LPCAT3 mRNA in the liver in vivo
24 the molecular mechanism governing this regulation is unknown. Through bioinformatics
analysis of the proximal promoter of the human Lpcat 3 gene, we identified four potential
PPARa-responsive elements (PPREs; Supplemental Figure 8A) and studied their functional
relevance using a reporter system. A 1-kb promoter fragment covering all four responsive
elements was subcloned into a pGL3 reporter construct, and a series of deletion constructs
was made (Supplemental Figure 8B). The promoter-reporter constructs were transfected into
Huh7 cells (human hepatoma cell line) with or without co-transfection with PPARa. The
cultured cells were then treated with a PPARa agonist (WY 14643) or vehicle (DMSO) as a
control. Under basal conditions without nuclear receptor co-transfection, the PPARa agonist
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caused only minimal reporter activation. With co-transfection of PPARa, however, the
agonist significantly increased reporter activity in all constructs, indicating that the
responsive element may primarily reside within PPREL. Using a gel shift assay, PPRE1
binding to a PPARa/RXRa heterodimer was confirmed. The WT oligonucleotide, but not
the mutant oligonucleotide, effectively competed for binding, suggesting that PPARa and
RXRa directly and specifically bind to PPRE1 to mediate Lpcat 3 transcription
(Supplemental Figure 8C).

The transcriptional regulation of LPCAT3 by PPARa was further studied using chromatin
immunoprecipitation (ChlP). We injected (i.p.) WT mice (C57BL/6) with fenofibrate
(another PPARa agonist, 300 mg/kg/day) and found that the treatment significantly
increased PPARa binding to PPREL in the liver, demonstrating the role of PPARa in
regulating LPCATS3 in vivo (Supplemental Figure 8D).

It has been reported that LPCAT3 was protective against ER stress in the liver3, To see the
same effect on the small intestine, we measured mRNA levels for ER stress markers, such as
Irela, Bip, and Perk, and we did not find any significant changes between LPCAT3 KO and
WT enterocytes (Supplemental Figure 9A). We also measured mRNA level of Ki-67, a cell
proliferation marker, and did not find changes (Supplemental Figure 9B). Finally, we
immuno-stained caspase-3 on the jejunum from the KO and WT mice and we also did not
find significant changes, in terms of caspase-3 positive cells/crypt (Supplemental Figure 9C
and 9D).

DISCUSSION

In this study, we have demonstrated a novel, essential role for LPCAT3 in modulating PC
composition in enterocyte plasma membranes, thereby influencing lipid uptake and plasma
lipoprotein metabolism. Our conclusions are based on the following observations: 1)
LPCAT3 KO mice had neonatal lethality that was rescued by PC/olive oil supplementation;
2) the rescued LPCAT3 KO mice had a longer small intestine with a larger diameter and
shorter, wider villi; 3) LPCATS3 deficiency diminished NPC1L1, CD36, and FATP4 protein
levels in enterocytes and reduced lipid uptake in the small intestine; 4) LPCATS3 deficiency
decreased both VLDL and HDL production from the liver; and 5) all plasma lipids
(cholesterol, phospholipids, and triglycerides) and all plasma lipoproteins (HDL and non-
HDL) were significantly decreased in LPCAT3 KO mice. LPCAT3-mediated PC
remodeling was controlled by LXR in the liver and small intestine (Supplemental Figures
7A and 7B) and PPARs in the liver but not in the small intestine (Supplemental Figures 7C
and 7D). We believe that whole-body LPCAT3 deficiency resulted mainly in reduced
polyunsaturated PCs in enterocyte membranes (Table 1), which in turn increased membrane
rigidity, leading to reduced levels of lipid absorption-related proteins on the membrane and
less circulating lipid (Figures 4E-4F and Figure 5).

LPCATS3 deficiency-related neonatal lethality could be rescued. The targeted Lpcat3 allele
segregated in a Mendelian fashion, with homozygous KO mice having phenotypically
smaller bodies (Figure 2A) and exhibiting neonatal lethality. We successfully utilized PCs in
olive oil to rescue these mice. These data suggest that LPCAT3 deficiency influences the
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normal function of the small intestine. There could be a defect of enterocyte apical surface
due to less polyunsaturated PCs. The nutrients from the milk could not be normally absorbed
by the small intestine, thus, the KO mice are much smaller than their littermates and died at
age 2-3 weeks. Exogenous PCs, especially polyunsaturated varieties, may allow for
abrogation of enterocyte rigidity and exogenous polyunsaturated fatty acid from olive oil
could provide substrates for LPCATS other than LPCAT3.

Although the majority of LPCAT3 KO mice could be rescued, abnormalities were present in
the survivors. This phenomenon is not uncommon. One good example is lipoprotein lipase
(LPL)-deficient mice. Although the neonatal lethality of LPL deficiency can be rescued by
crossing the KO mice with LPL transgenic mice, these animals have dramatically higher
plasma triglyceride levels 2°. Indeed, the rescued LPCAT3 KO mice have many
abnormalities. It appears that the small intestines of KO mice have attempted to partially
compensate for the lack of LPCATS3, and have longer small intestines with a larger diameter
(Figures 2B-2D), shorter and wider villi (Figure 2E).

LPCATS3 activity in the small intestine and liver was closely related to lipid levels in the
blood. We found that LPCAT3 deficiency significantly decreased all circulating lipids and
lipoproteins (Figures 3B—3E). The lack of lipid absorption in the small intestine could be the
major reason for the lack of circulating lipids and lipoproteins (Figures 4A-4D). However,
apoB levels were an exception, as they were not significantly different in KO versus WT
plasma (Figures 3C and 3D). Previously, we reported that a liver-specific LPCAT3
knockdown causes an increase in apoB production through up-regulation of MTP in the
tissue 12. In LPCAT3 KO mice, MTP was also significantly up-regulated in small intestine
and liver (Figures 4E and 6A); however, plasma triglyceride, total cholesterol, and
phospholipid levels were significantly reduced (Figure 3B). Thus, the overwhelming defect
appears to be in lipid uptake, and MTP up-regulation has only a minor or compensational
effect.

LPCATS3 deficiency diminished lipid absorption in the small intestine. Cholesterol uptake in
enterocytes is a balance between intake by NPC1L1 26 and excretion by ABCG5/8 27. Other
proteins such as CD36 are also involved in cholesterol uptake at the apical surface of the
small intestine 28: 29, Free fatty acid uptake in enterocytes is mediated by CD36 29, plasma
membrane-associated fatty acid binding protein (FABPpm); 30, and fatty acid transport
protein 4 (FATP4) 31, Except FATP4, all of these effectors are located in apical membranes
of enterocytes?8, making it conceivable that the LPCAT3 deficiency—mediated reduction of
polyunsaturated PCs in enterocyte apical membranes could influence the levels of these
proteins, thereby diminishing lipid uptake, absorption, and plasma lipid levels. Indeed, we
found that NPC1L1, CD36, and FATP4 protein levels (Figures 4E and 4F), but not mRNA
levels (Supplemental Table 1), were significantly decreased in LPCAT3-deficient small
intestine, thus reducing both cholesterol and triglyceride absorption (Figures 4A-4D).
Lowering plasma cholesterol is important because this factor relates to various
cardiovascular and metabolic disorders. A sufficient amount of plasma cholesterol is derived
by intestinal absorption 32,
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The dramatic reduction of apoA-I (Figure 3C) can be mainly explained by the reduction of
lipid absorption. It is well known that the small intestine is a source of apoA-133: 34, After
ingestion of fat, normal human subjects showed a significant increase of plasma apoA-15. It
has been reported that there is a rapid transfer of chylomicron apoA-I radioactivity into
HDL38. The liver is also an important tissues in the synthesis and secretion of apoA-137
which is the major apolipoprotein in HDL. It is conceivable that changes in polyunsaturated
PC levels of plasma membranes could also influence apoA-1 production as well as the levels
of HDL metabolism-related receptors or transporters. Indeed, LPCAT3 deficiency
significantly reduced ABCAL but not SR-BI protein levels in the liver (Figures 6A and 6B)
and slightly but significantly reduced apoA-I production in the liver (Figures 6C and 6D).
Overall, the significant reduction of cholesterol, triglyceride, and phospholipid absorption in
the small intestine is the major reason for the reduction of apoA-I levels, observed in
LPCAT3 KO mice.

It has been shown that LXR regulates phospholipid fatty acyl composition through
regulation of LPCAT3 in the liver and macrophages!® 17. We showed that LPCAT3
expression in the small intestine and liver could be up-regulated by LXR (Supplemental
Figures 7A and 7B), illustrating that LPCAT3 is an important mediator of LXR effects on
metabolism in both the liver and small intestine.

In this report, we have presented evidence that LPCAT3 was directly regulated by PPARa
in the liver but not in small intestine (Supplemental Figures 7C and 7D). The authenticity of
PPRE1 was corroborated in the PPARa reporter assay, gel shift assay, and ChiIP study
(Supplemental Figures 8B and 8D). Thus, LPCATS3 is also an important mediator of PPAR
effects on metabolism in the liver, besides LXR.

While writing this manuscript, two related papers have been published. Rong et al. and
Hashidate-Yoshida et al. indicated that Lpcat3-mediated enrichment of arachidonate on PC
is critical in triglyceride-rich lipoprotein production?3: 38, Although both groups also used
LPCAT3 KO mice, they did not rescue the neonatal lethality and only described the
phenotype in early newborns or later embryos. Moreover, Rong et al previously reported
that acute knockdown of LPCAT3 expression in livers of genetically obese mice
exacerbated lipid-induced ER stress3. However, the same group of researchers reported23
that genetic deletion of LPCAT3 from the liver did not influence the expression of ER stress
markers. We also observed same phenomena (Supplemental Fig. 9A). These observations
suggest that there may be compensatory responses in membrane composition that prevent
induction of the ER stress response in the setting of chronic LPCAT3 deletion.

In summary, LPCAT3 deficiency caused neonatal lethality that could typically be rescued
by PC/olive oil supplementation. LPCAT3 deficiency significantly reduced polyunsaturated
PC levels in the plasma membrane of enterocytes, which in turn attenuated lipid absorption
and decreased plasma lipid levels. Inhibition of LPCAT3 in the small intestine could be a
novel approach for the treatment of hyperlipidemia.
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Figure 1. Generation and characterization of LPCAT3 KO mouse
(A) Strategy used to disrupt mouse Lpcat 3 gene. (B) LPCAT3 mRNA in small intestine and

liver from 2-weeks-old WT and LPCAT3 KO mice. (C) Total cholesterol, phospholipid, and
triglyceride levels in the plasma from 10-days-old WT and LPCAT3 KO mice. (D) Small
intestine Oil Red O staining from 10-days old mice. (E) Small intestine NPC1L1
immunofluorescence staining from 10-days-old mice. (F), Small intestine FATP4
immunofluorescence staining from 10-days-old mice. FATP4 signal was indicated by red
arrows. Values are mean = SD, n =5, *P < 0.05.
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Figure 2. The comparison between LPCAT3 KO and WT mice
LPCAT3 KO mice (both male and female) were rescued with PC/olive oil. (A) Body weight

comparison. LPCAT3 KO mice indicated by red arrows. (B) and (C) Small intestine length
comparison. (D) Diameter comparison. (E) Villi comparison. Wider villi were indicated by
red arrow heads. Values are Mean + SD, n =5, *P < 0.05.
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Figure 3. Measurements of total LPCAT activity and plasma lipoprotein levels in WT and

LPCAT3 KO mice

(A) Total LPCAT activity in small intestine and liver of WT and LPCAT3 KO male mice,
measured as described in “Experimental Procedures”. (B) Total cholesterol, phospholipid,
and triglyceride levels in plasma. (C) Fluorogram of plasma apolipoprotein levels by
Western blotting. Plasma (0.2 pL) was separated by 4-15% SDS-PAGE, and immunoblotted
with polyclonal antibodies against apoA-1, apoB, apoE, and albumin. (D) Quantitation of
plasma apoA-I, apoB, and apoE levels. (E) Plasma lipoprotein distribution by fast protein
liquid chromatography (FPLC). Total cholesterol, phospholipids, and triglycerides were
determined in each fraction. Values are mean + SD, n =5, *P < 0.05.
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Figure 4. Triglyceride and cholesterol absorption in LPCAT3 KO mice
(A) and (B) male mice, at age 10-weeks-old, were gavaged with 0.2 puCi [3H]triolein and 0.1

HCi [14C]cholesterol in 15 L olive oil. Blood was collected over 24 hr and measured for the
presence of [3H]glycerolipids and [14C]cholesterol. (C) Mice were gavaged with 0.1 pCi
[24C]cholesterol and 0.2 pCi [3H]sitostanol in 15 L olive oil. Feces were collected for 48 hr
and lipids were extracted for counting. (D) Mice (male) were fed a high-fat/cholesterol diet
for 10 days, then feces were collected for 2 days and lipids were extracted to determine total
cholesterol, triglyceride and phospholipid levels. (E) and (F) Western blots fluorogram and
quantitation of NPC1L1, CD36, FATP4, ABCG8, ABCA1, and MTP in enterocyte
homogenates from LPCAT3 KO and WT small intestine. -Actin was used as a loading
control. Values are mean £ SD, n = 4, *P < 0.05.
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Figure 5. Measurement of NPC1L1 and FATP4 protein levels in 10-weeks-old LPCAT3 KO and
WT mice

(A) Small intestine NPC1L1 immuno-staining. (B) Small intestine FATP4 immuno-staining.
(C) and (D) Western blot fluorogram and quantitation of NPC1L1 in lipid rafts fractions
from primary enterocytes. Lyn Kinase was used as marker for lipid rafts and non-rafts.
Values are mean £ SD, n = 4, *P < 0.01.
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Figure 6. Western blot of ABCAL, SR-BI, and MTP in liver homogenates, as well as lipoprotein
production in vivo

(A) Fluorogram of liver ABCA1, SR-BI, MTP, and B-actin (loading control). (B)
Quantitation of ABCAL, SR-BI, and MTP in the liver. (C) In vivo VLDL and HDL
production measurement. Fluorogram of plasma 3°S-apoB and 3°S-apoA-1 on VLDL and
HDL, respectively. (D) Quantitation of 3°S-apoB and 3°S-apoA-I in blood. Values are mean
+SD, n=4-5, *P < 0.05.
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