J c I The Journal of Clinical Investigation

Lipin 2/3 phosphatidic acid phosphatases maintain
phospholipid homeostasis to regulate chylomicron synthesis

Peixiang Zhang, ..., Stephen G. Young, Karen Reue

J Clin Invest. 2018. https://doi.org/10.1172/JC1122595.

REECETCL WG4  Metabolism

The lipin phosphatidic acid phosphatase (PAP) enzymes are required for triacylglycerol (TAG) synthesis from glycerol 3-
phosphate in most mammalian tissues. The 3 lipin proteins (lipin 1, lipin 2, and lipin 3) each have PAP activity, but have
distinct tissue distributions, with lipin 1 being the predominant PAP enzyme in many metabolic tissues. One exception is
the small intestine, which is unique in expressing exclusively lipin 2 and lipin 3. TAG synthesis in small intestinal
enterocytes utilizes 2-monoacylglycerol and does not require the PAP reaction, making the role of lipin proteins in
enterocytes unclear. Enterocyte TAGs are stored transiently as cytosolic lipid droplets or incorporated into lipoproteins
(chylomicrons) for secretion. We determined that lipin enzymes are critical for chylomicron biogenesis, through regulation
of membrane phospholipid composition and association of apolipoprotein B48 with nascent chylomicron particles. Lipin
2/3 deficiency caused phosphatidic acid accumulation and mammalian target of rapamycin complex 1 (mTORC1)
activation, which were associated with enhanced protein levels of a key phospholipid biosynthetic enzyme
(CTP:phosphocholine cytidylyltransferase «) and altered membrane phospholipid composition. Impaired chylomicron
synthesis in lipin 2/3 deficiency could be rescued by normalizing phospholipid synthesis levels. These data implicate lipin
2/3 as a control point for enterocyte phospholipid homeostasis and chylomicron biogenesis.

Find the latest version:

https://jci.me/122595/pdf



http://www.jci.org
https://doi.org/10.1172/JCI122595
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/28?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/122595/pdf
https://jci.me/122595/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

Lipin 2/3 phosphatidic acid phosphatases
maintain phospholipid homeostasis to regulate

chylomicron synthesis

Peixiang Zhang,' Lauren S. Csaki,' Emilio Ronquillo,' Lynn |. Baufeld,’ Jason V. Lin," Alexis Gutierrez,' Jennifer R. Dwyer,’
David N. Brindley,? Loren G. Fong,? Peter Tontonoz,** Stephen G. Young,** and Karen Reue'*

'Department of Human Genetics, David Geffen School of Medicine at UCLA, Los Angeles, California, USA. 2Signal Transduction Research Group, Department of Biochemistry, Faculty of Medicine and

Dentistry, University of Alberta, Edmonton, Alberta, Canada. *Department of Medicine, Division of Cardiology, and *Department of Pathology and Laboratory Medicine, David Geffen School of Medicine at

UCLA, Los Angeles, California, USA. *Molecular Biology Institute, UCLA, Los Angeles, California, USA.

homeostasis and chylomicron biogenesis.

Introduction

The small intestine absorbs more than 90% of dietary triacylglyc-
erol (TAG), which is primarily hydrolyzed into 2-monoacylglyc-
erol (2-MAG) and unesterified fatty acids in the intestinal lumen
of nonruminant animals (1, 2). After absorption into enterocytes,
the products of TAG digestion are reassembled into TAG, which
may be transiently stored as cytosolic lipid droplets or incorpo-
rated into intestinal lipoproteins (chylomicrons) that are secreted
into the lymphatics (1-6).

In most mammalian tissues, TAG is synthesized by the glyc-
erol 3-phosphate pathway through the sequential addition of fatty
acid moieties to a glycerol 3-phosphate backbone (7, 8). The phos-
phate group is removed by lipin phosphatidic acid (PA) phos-
phatase (PAP) enzymes to generate diacylglycerol (DAG), which
is converted to TAG through the action of diacylglycerol acyl-
transferase (DGAT) enzymes or to zwitterionic phospholipids.
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The lipin phosphatidic acid phosphatase (PAP) enzymes are required for triacylglycerol (TAG) synthesis from glycerol
3-phosphate in most mammalian tissues. The 3 lipin proteins (lipin 1, lipin 2, and lipin 3) each have PAP activity, but have
distinct tissue distributions, with lipin 1 being the predominant PAP enzyme in many metabolic tissues. One exception is the
small intestine, which is unique in expressing exclusively lipin 2 and lipin 3. TAG synthesis in small intestinal enterocytes
utilizes 2-monoacylglycerol and does not require the PAP reaction, making the role of lipin proteins in enterocytes unclear.
Enterocyte TAGs are stored transiently as cytosolic lipid droplets or incorporated into lipoproteins (chylomicrons) for
secretion. We determined that lipin enzymes are critical for chylomicron biogenesis, through regulation of membrane
phospholipid composition and association of apolipoprotein B48 with nascent chylomicron particles. Lipin 2/3 deficiency
caused phosphatidic acid accumulation and mammalian target of rapamycin complex 1 (mTORC1) activation, which were
associated with enhanced protein levels of a key phospholipid biosynthetic enzyme (CTP:phosphocholine cytidylyltransferase
) and altered membrane phospholipid composition. Impaired chylomicron synthesis in lipin 2/3 deficiency could be rescued
by normalizing phospholipid synthesis levels. These data implicate lipin 2/3 as a control point for enterocyte phospholipid

The glycerol 3-phosphate pathway is critical for TAG synthesis
in adipose tissue, liver, skeletal muscle, and many other tissues
(9, 10). In the intestine, however, the monoacylglycerol pathway
is thought to be the predominant TAG-synthesis pathway. This
pathway utilizes 2-MAG, the major product of fat digestion, as
the substrate for TAG synthesis through the sequential action of
monoacylglycerol acyltransferase (MGAT) and DGAT enzymes
(5, 11). Studies of MGAT2-deficient mice support a critical role
for this pathway in intestinal TAG synthesis (12). Nevertheless,
more than half a century ago, investigators detected significant
levels of Mg?*-dependent PAP activity that is specific to the glyc-
erol 3-phosphate pathway in the intestinal mucosa from multiple
animal species (13-16). They speculated that the 2-MAG pathway
could be responsible for intestinal TAG synthesis, whereas PAP
activity could have a role in phospholipid synthesis for mucosal
cell proliferation. However, no direct evidence was offered to sup-
port this hypothesis, and the role of intestinal PAP activity has not
been revisited since the identification of the lipin protein family.
The intestine and liver are unique in that newly synthesized
TAG may be stored as cytosolic lipid droplets or may bud from
the endoplasmic reticulum (ER) membrane toward the ER lumen,
where it is assembled into chylomicrons (in enterocytes) or very
low-density lipoproteins (VLDLs, in hepatocytes) (3). VLDL and
chylomicron formation begins by cotranslational lipidation of
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Figure 1. Lipin 2 and lipin 3 in mouse small intestine. (A) Immunoblot analysis of lipins 1, 2, and 3 in proximal small intestine (duodenum). Mice were
fasted for 16 hours or were fasted 16 hours and refed 4 hours with a chow or high-fat diet (HFD), as indicated. Recombinant protein controls are shown

in the right column (+). Lanes were all on the same blot, but noncontiguous, as indicated by vertical lines. This experiment is representative of 3 studies
of lipin protein levels in small intestine from fasted mice, and 1 experiment in mice that were refed chow or HFD. (B) Localization of endogenous lipin 2
(green) and lipin 3 (red) in mouse duodenum shown by confocal fluorescence microscopy. Duodenum was collected from mice fasted for 5 hours. (C and
D) Lpin2/3-KO mice (Lpin2-- Lpin3~'"-) have reduced body weight (shown for 3 weeks and 5 months of age), increased intestinal circumference, and normal
intestinal length compared with WT, Lpin2-KO, or Lpin3-KO mice. Data shown are average + SD, n = 6-9/group. (E) Body-weight change in mice fed HFD
for 6 days. Average + SD, n = 4-6/genotype. **P < 0.01, ***P < 0.001 vs. other groups by ANOVA.

apolipoprotein B (apoB) (apoB100 in liver, apoB48 in intestine) to
generate primordial lipoprotein particles, which undergo a second
lipidation step, likely by fusing with apoB-free lipid droplets in the
ER lumen (17-19). These steps require the action of microsomal
TAG transfer protein. The primordial chylomicrons, consisting of
a phospholipid shell surrounding a lipid core of TAG and choles-
terol esters, bud from the ER and fuse with the Golgi, where they
acquire additional protein components (e.g., apoA-IV) (2, 20). The
mature chylomicron particles bud from the Golgi, fuse with the
plasma membrane, and are released into the intercellular space.
An estimated 70%-80% of TAG synthesis for chylomicron pro-
duction in nonruminants occurs via the MGAT pathway (21, 22).
In addition to TAG, chylomicron biogenesis requires appropriate
levels of phospholipids, which coat the surface of the particle. Chy-
lomicrons are thought to be assembled from newly synthesized
TAG and preformed phospholipids (23). However, little is known
about factors that regulate TAG and phospholipid incorporation
into chylomicrons versus storage as cytosolic lipid droplets.

To enhance our understanding of the glycerol 3-phosphate
pathway in intestinal lipid homeostasis, here we investigate the
role of PAP enzymes. PAP activity is conferred by 3 lipin protein
family members — lipin 1, lipin 2, and lipin 3. All 3 lipin proteins
have PAP activity, but distinct tissue distributions (24). Lipin pro-

teins also interact with DNA-bound transcription factors to coact-
ivate or corepress gene expression, which does not necessarily
require PAP activity (25-30). It has been challenging to establish
the physiological roles of individual lipin proteins owing to the fact
that most mammalian tissues express more than one of the lipin
family members. Critical in vivo roles for lipin 1 have been most
well established, and likely stem from its broad tissue distribu-
tion and highest PAP specific activity of the 3 lipin proteins (24,
31). Lipin 1 alone is responsible for PAP activity in skeletal muscle,
and lipin 1 deficiency in both humans and mice leads to childhood
rhabdomyolysis (32, 33). Lipin 1 is also responsible for most PAP
activity in heart, and lipin 1 and lipin 3 together determine PAP
activity in adipose tissue. Lipin 1 and lipin 2 are both active in lung
and brain, and lipin 1, -2, and -3 are active in liver, spleen, and kid-
ney (34). Despite the presence of all 3 lipin proteins in liver, lipin
1 has a critical role in hepatic lipid homeostasis during the neona-
tal period. Lipin 1-deficient mice develop a fatty liver during the
neonatal period and lasting for the first 2 weeks of life, but lipid
accumulation is absent beyond 2 weeks of age (35). Specific roles
for lipin 2 and lipin 3 have not been as clear as those for lipin 1.
Studies in mice lacking lipin 2 have impaired PAP activity in aging
Purkinje cells, which becomes important for motor coordination
as mice age (36). Humans with lipin 2 deficiency exhibit an auto-
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inflammatory condition associated with a role for lipin 2 in macro-
phage inflammasome activation (37, 38). Mice lacking lipin 3 are
relatively normal, likely due to compensation by other lipin family
members in most tissues (34).

Based on mRNA expression patterns, lipin 2 and lipin 3 are
the most likely candidates to supply PAP activity in the small
intestine (9, 31), but this has not been demonstrated experimen-
tally. Here, we generated mice that lack both lipin 2 and lipin 3
and uncovered a critical role for these proteins in the regulation
of intestinal lipid homeostasis and chylomicron production. Our
findings reveal that lipin-mediated regulation of phospholipid
synthesis in enterocytes is a critical control point for early stages
of chylomicron assembly. Specifically, lipin 2/3 PAP activity reg-
ulates PA levels and mammalian target of rapamycin complex 1
(mTORC]1) activation, which influences the protein levels of a key
phospholipid biosynthetic enzyme (CTP:phosphocholine cytidy-
lyltransferase o [CCTa]) and membrane phospholipid composi-
tion. These findings establish a key role for lipin 2/3 in the regula-
tion of enterocyte phospholipid homeostasis that is distinct from
arole in TAG synthesis.

Results

Lipin 2 and lipin 3 localize to intestinal enterocytes. To determine
which lipin PAP family members are present in intestinal entero-
cytes, we examined protein levels by Western blot analysis. We
detected lipins 2 and 3, but not lipin 1, in small intestinal mucosa
(Figure 1A; see complete unedited blots in the supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI122595DS1). Nutritional status did not affect lipin levels, which
were similar in mice that had been fasted or refed with a chow or
high-fat diet. Lipins 2 and 3 were also present in a human intes-
tinal cell line (Caco-2 cells). LPIN2 was expressed at highest lev-
els in undifferentiated Caco-2 cells, while LPIN3 expression was
induced during differentiation, slightly earlier than the apical
sodium-dependent bile acid transporter, which is expressed in
mature enterocytes (Supplemental Figure 14) (39).

We assessed the localization of lipin 2 and 3 proteins in
wild-type (WT) mouse duodenum by immunohistochemis-
try. In duodenum from fasted mice, lipins 2 and 3 appeared as
puncta dispersed throughout the enterocyte cytoplasm; their
distributions overlapped substantially, but each occurred inde-
pendently as well (Figure 1B). The localization of lipins 2 and 3
changed in the fed state. In intestines harvested 2 hours after oil
gavage, the 2 lipins colocalized (yellow puncta in Supplemental
Figure 1B). In HEK293 cells, lipins 2 and 3 coimmunoprecipi-
tated, consistent with the observed spatial colocalization of a
proportion of these lipin proteins (Supplemental Figure 1C).
Lipin 1 and lipin 2 proteins are known to heterodimerize with-
out effects on PAP activity (40), and the function of lipin 1/2
dimers or lipin 2/3 dimers is unknown at present.

Lipin 2/3 deficiency reduces body weight on chow diet, and causes
weight loss on high-fat diet. To investigate the role of lipins 2 and 3 in
intestinal lipid homeostasis, we examined knockout mice that lack
lipin 2 (Lpin2 -KO), lipin 3 (Lpin3-KO), or both (Lpin2/3-KO). Lpin2-
KO and Lpin3-KO mice were born at the expected frequencies and
had a normal body weight, as previously reported (34, 36). Lpin2/3-
KO weanlings were observed at about one-quarter of the expected
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Mendelian frequency (? [1, n = 349] = 29.39, P < 107), indicating a
high rate of lethality prior to weaning. Neonatal Lpin2/3-KO mice
were not easily identifiable by appearance; however, soon after
weaning, they had significantly reduced body weight and remained
underweight as they aged (Figure 1C). Lpin2/3-KO mice had
reduced fat mass, but normal liver and kidney size (Supplemental
Figure 2A). The small intestine of these mice was of normal length
but increased in circumference by 40% (Figure 1D). To determine
whether a fat-rich diet could overcome the reduced body weight
and fat mass in Lpin2/3-KO mice, 5-month-old mice were fed a
high-fat/high-carbohydrate diet. Within 6 days, the mice lost 20%
of their body weight and were hypoglycemic, necessitating termi-
nation of the study (Figure 1E, Supplemental Figure 2B).

The reduced body weight in Lpin2/3-KO mice led usto examine
food intake and nutrient absorption. In chow-fed mice, we found
that both Lpin3-KO and Lpin2/3-KO mice had slightly reduced
food intake (Supplemental Figure 3A). Additionally, Lpin3-KO and
Lpin2/3-KO mice exhibited reduced daily fecal output, fecal TAG
content, and plasma levels of the lipid-soluble vitamin D (Supple-
mental Figure 3, B-D). Since these phenotypes occurred to a similar
extent in mice lacking only lipin 3 as in mice lacking both lipin 2 and
3, they cannot account for the reduced adiposity and body weight
observed specifically in Lpin2/3-KO mice. Lpin2/3-KO mice were
unique in having elevated fecal cholesterol levels, consistent with
a reduction in dietary cholesterol absorption in Lpin2/3-KO mice
(Supplemental Figure 3D). We were unable to perform studies of
food intake and nutrient absorption in mice fed a high-fat diet due
to the rapid deterioration of Lpin2/3-KO mice within a few days
of eating the high-fat diet (see Figure 1E and Supplemental Fig-
ure 2B). However, we quantified plasma lipoprotein levels in mice
fed both chow diet and those fed the high-fat diet for 6 days. On
both diets, Lpin2/3-KO mice were unique among the 4 genotypes
in having reduced total cholesterol and high-density lipoprotein
(HDL) cholesterol levels (the latter constitutes the vast majority of
cholesterol-carrying lipoproteins in the mouse) (Supplemental Fig-
ure 3, E and F). Lpin3- and Lpin2/3-KO mice had slightly elevated
LDL cholesterol levels on the chow diet.

Loss of lipin 2 and/or lipin 3 substantially reduced Mg?"-
dependent PAP activity in intestine (Supplemental Figure 4A). Since
residual PAP activity was detected in Lpin2/3-KO intestinal lysates,
we wondered whether a compensatory induction of lipin 1 might
occur in lipin 2/3-deficient intestine. Although Lpinl mRNA levels
increased 2-fold, lipin 1 protein was undetectable by Western blot
(Supplemental Figure 4, B and C). This makes it unlikely that lipin
1 accounts for the background PAP activity in Lpin2/3-KO intestine.
The residual PAP activity may represent nonspecific activity in intes-
tinal tissue extracts that contributes to background in the PAP assay.

Impaired postprandial chylomicron production in Lpin2/3-KO mice.
Histological analysis of small intestine showed normal morphology
in mice lacking only lipin 2 or lipin 3. However, Lpin2/3-KO mice had
hyperplastic villi with lipid engorgement in the epithelium, even in
the fasted state; their droplets were rich in neutral lipids and accumu-
lated in the cytosol of enterocytes (Figure 2A). Biochemical analysis
revealed an accumulation of TAG, with no significant change in cho-
lesterol ester levels (Figure 2B). Membrane stacks also accumulated
in Lpin2/3-KO enterocytes in both fasted and postprandial states
(Figure 2C).

:



RESEARCH ARTICLE The Journal of Clinical Investigation

A WT Lpin2 KO Lpin3 KO Lpin2/3 KO B TAG CE
' - < 100 ] £ 20 .
/ N % 80 % "é‘ 15
/ ' g a 60 a

1| .18 2 40 2 10
T % S 20 3 5

E o0 E o

WT 2/3KO WT 2/3KO

(o] Fasted Postprandial

Oil Red O

D
300+ WT 1500 -
’§‘ Lpin2 KO g wT
1< Lpin3 KO =
= 200 1 Lpin2/3 KO £ 1000 4 E Plasma lipid levels
(O] e o 3 owT
= = g ® Lpin2/3 KO
g g Lpin2/3 KO ]
g 100 1 8 500 4 *k 5
o o >
- £
0 T 1 T T T 1 0 T T 1 g
01 2 3 45 0 2 4 c
Hours after gavage Hours after gavage
F

Lpin2/3 KO




The Journal of Clinical Investigation

Figure 2. Impaired postprandial hyperlipidemia in Lpin2/3-KO mice. (A)
Upper: Hyperplastic intestinal villi in Lpin2/3-K0O mice (H&E stain). Middle:
Neutral lipid engorgement in intestinal epithelial cells in Lpin2/3-KO

mice (oil red O stain). Lower: Electron micrographs show accumulation of
cytosolic lipid droplets in enterocytes of fasted Lpin2/3-KO mice. Repre-
sentative images from n = 2-3 mice/genotype. (B) TAG and cholesterol
ester (CE) concentrations in proximal intestine of WT and Lpin2/3-KO
(2/3K0) mice. Data shown are average + SD, n = 5/group. *P < 0.05 vs.

WT by t test. FA, fatty acid; PC, phosphatidylcholine; LYPC, lyso-PC; PE,
phosphatidylethanolamine. (C) Electron micrographs showing amplifica-
tion of ER membranes in Lpin2/3-KO intestine, present in both fasted and
postprandial states, and never detected in WT intestine. (D) Left: Analysis
of postprandial hyperlipidemia in mice receiving oil gavage at time 0; n =
4-6/genotype. Right: Postprandial hyperlipidemia in mice pretreated with
tyloxapol by tail vein injection before oil gavage. Average + SD, n = 3/group.
*P < 0.05; **P < 0.01; ***P < 0.001 vs. other groups by ANOVA. (E) Plasma
lipids were quantified by electrospray ionization-tandem mass spectrome-
try in mice after a 5-hour fast. Average + SD, n = 5/genotype. *P < 0.05 vs.
WT by t test. (F) Electron micrographs of proximal small intestine showing
ER luminal lipid droplets or prechylomicron particles in WT mice and lipid
droplets exclusively in the cytoplasm in Lpin2/3-KO mice. Note empty
membrane stacks in Lpin2/3-KO mice (white arrowhead). Representative
images from 3 mice/genotype. (G) Electron micrographs showing release
of mature chylomicrons into the intercellular space in WT mice 2 hours
after oil gavage. Junctions between Lpin2/3-KO cells remain intact with

no evidence of chylomicron release. Representative electron micrographs
from 3 mice/genotype.

The lipid accumulation in Lpin2/3-KO enterocytes suggested
impaired secretion of intestinal chylomicrons. To assess this pos-
sibility, we examined plasma TAG levels after a bolus of olive oil
by gastric gavage. As expected, plasma TAG levels increased tran-
siently and rapidly returned to baseline levels in WT, Lpin2-KO,
and Lpin3-KO mice (Figure 2D). In contrast, plasma TAG levels
did notincrease in Lpin2/3-KO mice, suggesting severely impaired
chylomicron production or secretion. To rule out rapid clearance
of postprandial TAGs, an intragastric oil bolus was given to mice
in which lipolytic processing of chylomicrons had been inhibited
with tyloxapol. These studies confirmed the lower postprandial
TAG levels in Lpin2/3-KO mice (Figure 2D), implying a defect in
chylomicron production. Analysis of circulating lipids revealed
reduced TAG levels in Lpin2/3-KO mice, but normal levels of cho-
lesterol esters and major phospholipid species (Figure 2E).

Electron microscopy images of intestine 2 hours after oil
gavage revealed prechylomicron particles in the ER lumen
in WT intestinal cells; however, in Lpin2/3-KO cells, the lipid
droplets were cytosolic, sometimes occurring near empty mem-
brane stacks (Figure 2F). Furthermore, the release of mature
chylomicron particles into the interstitial spaces at the basolat-
eral surface of enterocytes was evident in WT but not Lpin2/3-
KO mice (Figure 2G).

We assessed the levels of key chylomicron protein compo-
nents. Levels of the major chylomicron protein, apoB48, were
elevated in Lpin2/3-KO intestine (A), despite diminished mRNA
levels (Supplemental Figure 5). Intestinal levels of additional
chylomicron proteins, apoA-I and apoA-IV, were also increased
by lipin 2/3 deficiency (Figure 3A). Levels of the lipid droplet
protein perilipin 2 and the ER protein calnexin were dramatically
elevated in Lpin2/3-KO intestine (Figure 3A), consistent with the
accumulation of cytosolic lipid droplets and membrane stacks,
respectively (see Figure 2). Gene-expression levels in Lpin2/3-KO
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intestine were normal for several factors that participate in chy-
lomicron synthesis and intestinal lipid metabolism (e.g., micro-
somal TAG transfer protein, secretion-associated Ras-related
GTPase 1B, the fatty acid transporter CD36, fatty acid binding
proteins FABP1 and FABP2, TAG synthesis enzymes DGAT1 and
DGAT2, and the TAG hydrolase ATGL; Supplemental Figure 5).
The mRNA levels for Mogat2 (encoding MGAT?2) were reduced
in Lpin2/3-KO mice, perhaps in response to the accumulation of
excess TAG within enterocytes.

Lipin PAP activity could potentially influence the levels of sev-
eral cellular lipids, including the PAP substrate PA and immediate
downstream product DAG, as well as phospholipids synthesized
from DAG, such as phosphatidylcholine (PC). Intestinal lipid
profiles revealed normal DAG levels in Lpin2/3-KO mice (Figure
3B), which are likely maintained through MGAT activity. PA lev-
els were elevated in Lpin2/3-KO mice fed the high-fat diet (Figure
3C and Supplemental Figure 6A). Total PC levels were elevated in
Lpin2/3-KO mice on chow and further elevated by a short-term
high-fat diet (Figure 3D). Of note, PC composition in the intestine
was altered in Lpin2/3-KO mice fed a chow or high-fat diet, with
a reduced proportion of arachidonoyl-PC species (36:4 and 38:4
PC) in Lpin2/3-KO mice (Figure 3E and Supplemental Figure 6B).

Consistent with the enhanced PC content in Lpin2/3-KO
intestine, levels of CCTa, the rate-limiting enzyme in PC synthe-
sis, were substantially increased (Figure 3A). This was indepen-
dent of CCTa mRNA (Pcyt) levels (Figure 3F), suggesting post-
transcriptional regulation. CCTo protein levels are modulated
posttranscriptionally by mTORC1, a major regulator of cellular
anabolic processes such as protein and lipid synthesis (41). We
therefore tested whether mTORCI1 activity is enhanced in lipin
2/3-deficient intestine. mTORC1 was strongly activated in
Lpin2/3-KO intestine, as indicated by increased phosphorylation
(activation) of the mTORC1 target, p70S6 kinase (Figure 3G).

The association of elevated CCTo levels with impaired
chylomicron production and lipid accumulation in Lpin2/3-KO
intestine raised the question of whether a similar elevation in
CCTa underlies the hepatic lipid accumulation that is a hallmark
of lipin 1-deficient fatty liver dystrophy (fId) mice during the neo-
natal period (35, 42). We found that neither neonatal nor adult
liver from lipin 1-deficient mice has elevated CCTa levels (Sup-
plemental Figure 4D), suggesting a distinct mechanism for the
lipid accumulation from that occurring in Lpin2/3-KO intestine.

Lipin 2 or 3 PAP activity is required for lipid compartmental-
ization in enterocytes. To investigate how lipins 2 and 3 influence
chylomicron production, we visualized the fate of dietary lipids in
Lpin2/3-KO intestine. BODIPY-labeled fatty acids and olive oil were
given by gastric gavage, and the location of the BODIPY label was
determined by fluorescence microscopy 2 hours later (Figure 4A).
Fluorescent fatty acids were incorporated into abundant droplets
throughout the apical and basolateral regions in WT enterocytes but
accumulated in smaller lipid droplets distributed primarily in the
apical region in Lpin2/3-KO enterocytes. Note that this technique
allows detection only of the lipids provided in the oil gavage, and
does not reveal the distribution of lipids that have previously accu-
mulated within the Lpin2/3-KO enterocyte.

We assessed the localization of BODIPY-labeled lipids, relative
to the ER markers calnexin and apoB, by confocal microscopy. In WT
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Figure 3. Increased levels of phospholipids and chylomicron-associated proteins in Lpin2/3-KO0 intestine. (A) Immunoblot analysis of intestinal protein
levels for apolipoproteins apoB48, apoA-1, and apoA-IV, lipid droplet protein perilipin 2, phospholipid synthetic enzyme CCTa, and ER protein calnexin. Mice
were fed a high-fat diet for 6 days. WT, wild-type. All panels are the same protein samples. The top 4 blots were run contemporaneously, with a-tubulin as a
normalization control. The lower 4 blots were run contemporaneously with a nonspecific protein band as a normalizing control. Three biological replicates of
each genotype are shown, and are representative of 5-8 samples of each genotype. (B-D) Proximal intestinal lipidomics analysis by electrospray ionization-
tandem mass spectrometry in mice maintained on chow diet or fed a high-fat diet (HFD) for 6 days. Average + SD, n = 4-6. (E) Altered PC composition in
Lpin2/3-KO intestine, with reduced proportion of arachidonyl-PC species compared with WT. Average + SD, n = 4-6. (F) CCTa (Pcyt) mRNA levels in intestine
from mice indicated. Average + SD, n = 4-6. (G) Immunoblot analysis of the mTORC1 target, p70S6 kinase, in intestine. Total and phosphorylated p7056
kinase (Thr 389) were detected by specific antibodies. Blots were run contemporaneously with the same protein samples. *P < 0.05; **P < 0.01 by ANOVA.

enterocytes, calnexin was present near BODIPY-labeled lipids (Fig-
ure 4B). Calnexin staining and BODIPY-labeled lipid droplets were
visible but did not colocalize in Lpin2/3-KO enterocytes. Further-
more, apoB was juxtaposed with lipid droplets in WT enterocytes, but
not in Lpin2/3-KO mice (Figure 4C). In WT enterocytes, lipin 2 and
apoB partially colocalized (Figure 4D), suggesting that lipin 2 is pres-
ent at sites of lipid-apoB48 association during chylomicron assembly.

To further investigate how lipins 2 and 3 influence lipid com-
partmentalization and chylomicron biogenesis, we inactivated
LPIN2 and LPIN3 in HT-29 human intestinal epithelial cells with

CRISPR/Cas9 genome editing (Supplemental Figure 7A). The
absence of lipins 2 and 3 was confirmed by Western blotting (Sup-
plemental Figure 7B). LPIN2/3-KO HT-29 cells had the same lipid
compartmentalization defect seen in vivo (Figure 5A). LPIN2/3-KO
cells formed a uniform population of lipid droplets, whereas WT
cells synthesized droplets with a bimodal size distribution (Figure
5A). Total cellular TAG levels were similar in WT and LPIN2/3-KO
HT-29 cells under basal culture conditions and after oleate loading
(Figure 5B). However, PC levels were elevated in LPIN2/3-KO cells.
Thus, it appears that lipins 2 and 3 are not required for the initial
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Figure 4. Aberrant lipid compartmentalization in response to an acute fat load in Lpin2/3-KO0 intestine. (A) Distribution of fluorescence in proximal
small intestine of mice 2 hours after oral gavage of oil containing BODIPY-labeled fatty acids. Upper: Fluorescence image of lipid droplet (LD) distribu-
tion. Middle: Overlay of fluorescence image and bright field with DAPI nuclear stain (blue). Lower: Enlarged image of single villus tip showing LD local-
ization to both apical (A) and basolateral (B) regions of enterocytes in WT enterocytes (left) and primarily to the apical region in Lpin2/3-KO enterocytes
(right). Representative of 2 experiments. (B) LDs marked by BODIPY (green) associate with the ER protein calnexin in the proximal small intestine of
WT but not Lpin2/3-KO mice. The image was taken 2 hours after oil gavage with BODIPY-labeled fatty acids. Nuclei are stained blue with DAPI. (C) ApoB
associates with LDs in WT but not in Lpin2/3-KO enterocytes. Image taken 2 hours after oil gavage with BODIPY-labeled fatty acids. (D) Partial colocal-
ization of lipin 2 and apoB proteins on the surface of LDs in the proximal small intestine of WT mice. The image was taken 2 hours after oil gavage with

BODIPY-labeled fatty acids.

incorporation of fatty acids into TAG but are required for PC homeo-
stasis and normal lipid droplet distribution.

Next, we determined whether TAG compartmentalization in
enterocytes requires the PAP activity or coactivator function of
lipins. LPIN2/3-KO HT-29 cells were reconstituted with WT lipin
2 (PAP and coactivator function) or with lipin 2P%%¢E a mutant that
has only coactivator function (30). Only WT lipin 2 restored the
bimodal lipid droplet distribution (Figure 5C) and reduced PC
concentration (Figure 5D). Consistent with impaired PAP enzy-
matic activity, PA accumulated in Lpin2/3-KO intestine (Figure
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3C and Supplemental Figure 4A) and LPIN2/3-KO HT-29 cells,
and PA levels were normalized when LPIN2/3-KO cells were
reconstituted with WT lipin 2 (Figure 5E). These findings indi-
cate that lipin PAP enzymatic activity is critical for normal TAG
compartmentalization in enterocytes and raise the possibility
that PC and PA levels influence this process.

Lipin PAP activity is required for assembly of apoB48 into lipid-
containing particles. We hypothesized that lipins 2 and 3 act during
the association of TAG with apoB48 in the ER lumen, a crucial step
of chylomicron production. To assess lipidation of apoB48, we
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Figure 5. PAP activity from lipins 2 and 3 is required for normal lipid droplet size distribution and PC levels in enterocytes. (A) Lipins 2 and 3 are required
for normal lipid droplet (LD) size and distribution. Upper: Fluorescence image of LDs in enterocyte-like HT-29 cells 24 hours after loading with 400 uM oleate
containing BODIPY-labeled fatty acids. Nuclei are stained with DAPI (blue). Lower: Size distribution of LDs from experiment depicted in upper panel. Diame-
ters of LDs from at least 30 cells of each genotype were measured. (B) Lipins 2 and 3 do not influence TAG levels but do influence PC levels in HT-29 intestinal
cells after acute fatty acid loading. Cellular TAG and PC were quantified under basal culture conditions and after loading with oleate for 24 hours. Average +
SD, n = 3. *P < 0.05; **P < 0.01 by t test (left) or ANOVA (right). (C) Restoration of lipin 2 PAP activity to LPIN2/3-KO HT-29 cells normalizes LD size distribu-
tion. Upper: Fluorescence image of LDs in LPIN2/3-KO HT-29 cells transfected with WT lipin 2 expression vector or lipin 2 mutant lacking PAP and possessing
coactivator activity. Lower: Size distribution of LDs from the experiment depicted in the upper panel. Not shown: red fluorescence derived from cotransfection
with Sec61-cherry was used to identify cells successfully transfected with lipin 2, and only those cells were assessed for LD size. (D and E) Lipin 2 PAP activity
restores PC and PA in LPIN2/3-KO HT-29 cells. LPIN2/3-KO cells were infected with adenovirus expressing LacZ, WT lipin 2, or PAP-mutant lipin 2. Cellular PC
and PA were quantified in cells cultured in basal medium or with oleate for 24 hours. Average + SD, n = 3. *P < 0.05; **P < 0.01 by ANOVA.
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fractionated WT and LPIN2/3-KO HT-29 cells by sucrose gradient
ultracentrifugation after culture under basal conditions or oleate
loading. In both genotypes, lipid-containing fractions were identi-
fied by the presence of perilipin 2 (boxed lanes 1-4 in Figure 6A). In
WT cells, these fractions contained the ER protein calnexin, which
was more abundant in the lipid-containing fractions after oleate
loading. In LPIN2/3-KO cells, however, calnexin appeared only
in the high-density pellet at the bottom of the gradient. Of note,
apoB48 was present in lipid-associated fractions 3-4 after oleate
loading of WT cells but not LPIN2/3-KO cells (Figure 6A). ApoB48
was present in cells of both genotypes in the high-density pellet.
The association of apoB48 and calnexin with lipids was restored in
LPIN2/3-KO cells by complementation with WT lipin 2, but not by
mutant lipin 2 harboring only coactivator activity (Figure 6B).

Lipin PAP activity influences apoB48 lipidation by modulating
CCTa. Because PC levels are elevated in lipin 2/3-deficient entero-
cytes — and also because those cells harbor membrane stacks — we
assessed the distribution of CCTo in HT-29 cells grown under basal
conditions and after oleate loading. CCTa localizes to the cytosol,
nucleus, or lipid droplets. Localization to lipid droplets may activate
CCTa enzymatic activity (43). In WT cells grown under basal condi-
tions, CCTa was present in non-lipid fractions (5-10) and was asso-
ciated with lipid fractions only after oleate loading. In LPIN2/3-KO
cells, however, CCTawas associated with lipid fractions even without
oleate loading (Figure 6A). InWT cells, CCTa protein levelsincreased
in response to oleate loading, whereas in LPIN2/3-KO cells CCTa
protein levels were constitutively elevated, even without oleate load-
ing (Figure 6C). As observed with lipin 2/3-deficient mouse intestine
(Figure 3F), CCTa mRNA levels were not elevated in human HT-29
cells (Supplemental Figure 8), suggesting that the elevated protein
levels are due to posttranscriptional mechanisms. The abundance
of CCTa protein in LPIN2/3-KO cells was corrected by expression of
WT lipin 2, but not by the lipin 2 PAP mutant (Figure 6C), indicating
that lipin PAP activity is essential for the regulation of CCTa levels.

We next asked whether the increased CCTa activity and the
resultant PC overproduction contribute to dysregulated chylomi-
cron production in lipin 2/3-deficient enterocytes. If so, inhibi-
tion of CCTu activity should normalize both lipid distribution and
the association of lipids with apoB48. Treatment of LPIN2/3-KO
HT-29 cells with oleate in the presence of miltefosine, a CCTa
inhibitor, reduced PC and PA levels (Figure 6D) and changed the
distribution of BODIPY-labeled lipids. Rather than the small lipid
droplets seen in lipin 2/3-deficient cells, we saw many larger lipid
droplets and a bimodal distribution characteristic of WT cells (Fig-
ure 6E). Most notably, CCTo inhibition normalized the distribution
of proteins, as judged by differential centrifugation. As described
earlier, LPIN2/3-KO cells showed minimal occurrence of apoB48
and calnexin in the perilipin 2-containing fractions, whereas
CCTo inhibition led to a robust association of apoB48 and calnex-
in in those fractions (Figure 6F). In sum, our findings indicate that
lipin PAP activity is a critical determinant of phospholipid synthe-
sis, which affects TAG partitioning into the ER lumen to associate
with the key chylomicron protein, apoB438.

Discussion
This study shows that lipin PAP activity in enterocytes has a critical
role in chylomicron assembly — a role that is distinct from that of the
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2-MAG pathway for TAG synthesis. During the postprandial phase,
intestinal enterocytes absorb fatty acids and 2-MAG, which are used
to synthesize TAG (1,11). The TAG is incorporated into cytosolic lipid
droplets for transient storage or into chylomicrons for secretion (2,
3). Here we demonstrate that lipin 2 and lipin 3 are expendable for
TAG synthesis and storage in cytosolic lipid droplets but are critical
for creating TAG-rich, apoB48-containing lipoproteins in the ER
lumen (Figure 7). Our studies in lipin 2/3-deficient mouse intestine
and HT-29 intestinal cells revealed that lipins 2 and 3 are required
to maintain normal levels of CCTa and cellular PC homeostasis. We
propose that the regulation of PC homeostasis by lipins 2 and 3 is a
determinant of chylomicron synthesis in the ER, and defects in this
process lead to an accumulation of lipid droplets in the enterocyte
cytoplasm (Figure 7).

The severely impaired chylomicron production and the accu-
mulation of cytosolic lipid droplets in Lpin2/3-KO enterocytes
are reminiscent of genetic apoB deficiency. Mice that cannot
synthesize apoB in the intestine have an enlarged intestine and,
like Lpin2/3-KO mice, accumulate cytosolic lipid droplets (44).
Human abetalipoproteinemia causes a similar lipid droplet phe-
notype (45). Gpat3- and Dgatl-knockout mice also accumulate
intestinal lipid droplets when fed a high-fat diet (46, 47) but not
when fed a chow diet. Although GPAT3 acts in the glycerol 3-phos-
phate pathway upstream of lipin PAP enzymes, GPAT3 deficien-
cy has less severe effects than lipin 2/3 deficiency, as the rise in
plasma TAG levels in GPAT3-deficient mice is blunted only by
extreme lipid overload (2-4 times more oil than in the lipin 2/3
or DGAT1 studies) (47). Perhaps the less pronounced phenotype
in GPAT3-deficient mice relates to compensation by GPAT4.
Compared with DGAT1- or GPAT3-deficient mice, Lpin2/3-KO
mice are unique in the accumulation of intestinal lipids when fed
a standard chow diet, and in the accumulation of phospholipid
membrane stacks in enterocytes. Lpin2/3-KO weanlings were
recovered at a reduced rate compared with the expected genotype
proportion. This reflects a critical role for lipin 2/3 during either
embryonic development or the early postnatal period, and more
work will be required to establish the basis for the early lethality.

A key finding of our study is that lipins 2 and 3 are required
for the association of apoB48 with TAG during the maturation of
chylomicrons in the ER. Chylomicron assembly in the ER lumen
requires association of lipids with apoB48, and the lipidation has
been proposed to occur in 2 steps: (a) the association of apoB48
with small amounts of TAG and phospholipids during its trans-
location into the ER and (b) the fusion of primordial apoB48-
containing lipid particles with apoB-free lipid droplets in the
ER lumen (48, 49). In the liver (and presumably the intestine as
well), apoB that is not lipidated during its translocation into the
ERis degraded (50).

Since apoB48 accumulates in Lpin2/3-KO intestine, we propose
that the first step of chylomicron assembly occurs normally, although
we cannot exclude the possibility of reduced apoB degradation.
However, we do not believe that the second step occurs normally. In
the intestine of WT mice, BODIPY-labeled fatty acids quickly reach
large lipid droplets and associate with apoB, as judged by confocal
immunofluorescence microscopy. In the intestine of Lpin2/3-KO
mice, however, BODIPY-labeled fatty acids accumulate in small
lipid droplets that do not associate with apoB or colocalize with the
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Figure 6. Lipin PAP activity is required for apoB48 association with lipid for chylomicron assembly. (A) Analysis of apoB48 association with lipids

by density gradient centrifugation followed by immunoblot to detect proteins across fractions. The lipid droplet-containing (LD-containing) fractions
(outlined by blue box) were defined by the presence of perilipin 2. In WT cells, lipids were associated with the ER (calnexin), and apoB48 was present in LD
fractions after oleate loading. In LPIN2/3-KO cells, neither apoB48 nor calnexin was present in LD fractions, even after oleate loading. Additionally, CCTa
levels were elevated and appeared in the LD fractions even under basal conditions, which was not observed in WT cells. (B) Lipin PAP activity is required
for apoB48 association with lipids in intestinal cells. LPIN2/3-KO cells were infected with adenovirus expressing WT lipin 2 or PAP-mutant lipin 2. Cells
loaded with oleate were assessed for the presence of apoB48 in LD fractions. (C) Lipin PAP activity modulates CCTa protein levels. Elevated CCTa protein
levels in LPIN2/3-KO cells under basal culture conditions are normalized by introduction of adenoviral vectors for WT, but not PAP-mutant, lipin 2. (D)
CCTa inhibitor reduces PC and PA levels in WT HT-29 cells. Average + SD, n = 3. *P < 0.05, **P < 0.01 by t test. (E) Fluorescence image (upper) and size
distribution (lower) of LDs in LPIN2/3-KO HT-29 cells loaded with oleate without or with addition of CCTa inhibitor. n > 30. Nuclei are stained with DAPI
(blue). (F) CCTa inhibitor restores calnexin and apoB48 association with lipid-containing fractions from LPIN2/3-KO cells loaded with oleate. Blots shown
throughout this figure are each representative of a single experiment, but the experiments in panels A-C and F are each variations of a similar experiment,
such that in composite, the patterns for WT and Lpin2/3-KO mice were each replicated in at least 3 independent trials. Blots in A, C, and F were run with

the same samples contemporaneously.

ER marker calnexin. Moreover, density gradient fractionation of
extracts from human HT-29 cells after oleate loading showed that
apoB438 floats in the lipid droplet (perilipin 2-positive) fractions in
WT cells but not in LPIN2/3-KO cells. ApoB48 association with the
lipid-containing fractions was restored by expression of lipin 2 PAP
activity, but not by lipin 2 coactivator activity.

The impaired chylomicron assembly in Lpin2/3-KO entero-
cytes was not associated with a dearth of TAG, which likely is
synthesized primarily through the 2-MAG pathway. Howev-
er, LPIN2/3-KO HT-29 cells and mouse intestine accumulated
PA, the substrate of lipin enzymatic activity, and PC, the major
phospholipid component of chylomicrons. The accumulation of
phospholipids is consistent with findings in Arabidopsis thaliana,
where a deficiency of both lipin orthologs (PAHI and PAH?2) leads
to ER proliferation (51), and in yeast, where loss of the single
lipin ortholog leads to an expansion of the nuclear-ER membrane
(52). In Lpin2/3-KO intestine, the elevated PC levels correlated
with a robust increase in CCTa protein, which catalyzes the rate-
limiting step in PC synthesis. Recent work has shown that CCTa
is regulated at the posttranscriptional level by mTORC1 (41), and
a regulator of mTORCI is the lipid PA (53, 54). Consistent with
this, we found that Lpin2/3 KO leads to intestinal mTORCI acti-
vation (by assessment of phosphorylation of the downstream tar-
get p70S6 kinase). Our data suggest a relationship between lipin
2/3 and CCTa protein levels in which loss of PAP activity leads to
increased PA levels, which activate mTORC1 to increase CCTa.
protein levels and PC production.

Previous work has shown that PC regulation is critical for
lipid homeostasis in the enterocyte. It has long been known that
in intestinal cell lines, a threshold PC concentration is required
for chylomicron synthesis (55). In vivo, de novo intestinal PC
synthesis through CCTa is required for dietary fat absorption
during high-fat feeding (56). However, little is known about
the effects of increased CCTa and PC in enterocytes. Our data
suggest that elevated PC levels contribute to impaired chylomi-
cron biogenesis in lipin 2/3-deficient enterocytes, since nor-
malization of PC levels with a CCTa inhibitor rescues defective
chylomicron assembly. Altered PC composition in Lpin2/3-KO
enterocytes may also impede chylomicron production. Phos-
pholipids containing polyunsaturated acyl chains promote the
transfer of TAG from the ER membrane into the ER lumen for
lipoprotein production (57, 58). In Lpin2/3-KO intestine, the
ratio of polyunsaturated PCs to total PCs was reduced. In partic-
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ular, 36:4 and 38:4 PCs were decreased from 22% to 16% of total
PCs. This altered PC composition, together with increased total
PC levels, could favor budding of TAG from the ER membrane
into cytosolic lipid droplets rather than ER luminal lipid droplets
for chylomicron assembly.

In summary, this study shows that lipin 2/3 PAP activity influ-
ences intestinal lipid storage and use through effects on membrane
PC homeostasis and chylomicron production (Figure 7). Lipins 2
and 3 are expendable for the incorporation of dietary fatty acids
into TAG, but are quite relevant to the capacity of newly synthesized
TAG to enter the ER lumen for chylomicron assembly. The regula-
tion of PA levels by lipin 2/3 may influence activation of mMTORC1
to result in enhanced CCTa protein and PC levels. Notably, the nor-
malization of CCTa levels restores chylomicron production in lipin
2/3-deficient cells. Thus, lipin PAP-mediated phospholipid homeo-
stasis has an essential role in chylomicron synthesis that is distinct
from the role of the 2-MAG pathway. The efficient processing of
dietary lipids likely requires coordination between the PAP and
2-MAG pathways, such that disruption of either causes impairment
in this fundamental biological process.

Methods

Mice. Lpin2-KO and Lpin3-KO mice have been described previously (34,
36), and have been bred onto a C57BL/6 background for more than 9
generations. To generate the 4 mouse genotypes used here, Lpin2*-
Lpin3*- mice were intercrossed to generate WT, Lpin2-KO, Lpin3-KO,
and Lpin2/3-KO mice from the same pairings. Mice were genotyped for
Lpin2 and Lpin3 alleles as described previously (34, 36). Male and female
cohorts were used throughout these studies; the effects of lipin 2/3 defi-
ciency did not differ in the 2 sexes. The choice of male or female cohorts
for any given experiment was dictated by the availability of Lpin2/3-KO
mice, of which only approximately 25% survived to adulthood. Lpinl”~fld
mice and WT littermates (BALB/cBy] background) were from a colony
maintained at UCLA that was originally established from Lpinl*~ mice
obtained from the Jackson Laboratory. Mice were maintained in 12-hour
light/12-hour dark conditions and fed a laboratory chow diet, except for
the experiments in Figure 1E, Supplemental Figure 2B, Supplemental
Figure 3, and Supplemental Figure 5, where some mice were fed a high-
fat diet (35% fat/33% carbohydrate; diet F3282, BioServe) for 6 days.
Whole body fat mass and lean tissue mass of live mice were determined
with an EchoMRI 3-in-1 Analyzer. For food intake and fecal output deter-
minations, mice were caged individually. After acclimation for 1 week,
food intake and fecal pellet production were quantified daily for 7 days.
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Figure 7. Proposed role of lipins 2 and 3 in intestinal chylomicron (CM) production. Left: In WT enterocytes, TAG synthesized in the ER membrane may
bud into the cytosol for storage as lipid droplets (LDs) or into the ER lumen to associate with apoB48 through the action of microsomal TAG transfer pro-
tein. The resulting prechylomicron particles (PreCMs) ultimately bud from the ER. In steps not shown, these lipoproteins subsequently mature in the Golgi
and are released from enterocytes as mature CMs. Right: In the absence of lipin 2/3 PAP activity, the lipin substrate phosphatidic acid (PA) accumulates at
membrane sites in the ER (and possibly additional cell membranes). Elevated PA may activate mTORC1, which enhances CCTa levels by increasing protein
stability or translation. Increased CCTa contributes to elevated PC levels and altered membrane phospholipid composition and impaired PreCM formation.
TAG-rich lipid droplets accumulate in the cytoplasm rather than contribute to CM formation.

Cell lines. Human intestinal colorectal carcinoma cell lines (Caco-2
[ATCC HTB-37] and HT-29 [ATCC HTB-38]) were from the American
Type Culture Collection and were cultured under media conditions
specified by the supplier.

Plasma analyses. Plasma total cholesterol and HDL cholesterol
were quantified by the UCLA Lipid Core as described previously (59).
Plasma 25(OH) vitamin D levels were determined by radioimmuno-
assay (Heartland Assays) (60).

Immunoblot analysis. Intestine was gently homogenized to sep-
arate the mucosa from the muscular layer in lysis buffer (250 mM
sucrose, 20 mM Tris, 1 mM EDTA, 1.4% Triton X-100, 5x Complete
Mini EDTA-free Protease Inhibitor Cocktail [Roche Diagnostics],
and 5x Phosphatase Inhibitor Cocktails 2 and 3 [Sigma-Aldrich]).
Protein lysates were electrophoresed in 3%-8% acrylamide gels,
transferred to nitrocellulose membranes, and incubated with pri-
mary antibodies. Primary antibodies were used at 1:1,000 dilution
unless specified otherwise. Antibody against lipin 1 was a gift from
Maroun Bou Kahlil and Zemin Yao (University of Ottawa, Ottawa,
Canada) (61) and has been verified in Lpinl-KO mice (33). Antibody
against lipin 2 was a gift from Brian Finck (Washington University,
St. Louis, Missouri, USA) (62) and has been verified in Lpin2-KO
mice (36). Antibody against lipin 3 (used at 1:10,000 dilution) was
from Lifespan Biosciences (catalog LS-C37207) and has been veri-
fied in Lpin3-KO mice (34). Antibodies against apolipoproteins A-I,

] -

A-1V, and B were as detailed previously (59). The polyclonal rabbit
anti-mouse apoA-I and apoA-IV antibodies were used at 1:4,000
dilution, and mouse monoclonal apoB antibody was used at 1:1,000.
Sources of other antibodies were as follows: B-actin (GTX109639,
GeneTex), a-tubulin 4a (GTX112141, used at 1:500, GeneTex), cal-
nexin (ab22595, Abcam), perilipin 2/ADFP (NB110-40877, Novus
Biologicals), CCTa (6931S, Cell Signaling Technology), p70S6
kinase (9202, Cell Signaling Technology), and phospho-p70S6
kinase, Thr 389 (9234P, Cell Signaling Technology). Species-
appropriate HRP-conjugated secondary antibodies were used to
detect the primary antibody binding by enhanced chemilumines-
cence (GE Healthcare).

Intestinal tissue histology and immunofluorescence. For histological
analysis, proximal intestine of mice fasted for 5 hours, or fasted 5 hours
and refed for 2 hours was excised, fixed with 4% paraformaldehyde for
24-48 hours, embedded in Tissue-Tek paraffin wax (Sakura Finetek),
sectioned by a sliding microtome REM-700 (Yamato Kohki Industrial
Co., Ltd.), and stained with H&E (33).

For analysis of fatty acid incorporation into lipids and immu-
nostaining, proximal intestinal tissue from mice fasted for 5 hours
or fasted 5 hours and gavaged with 10 ul/g body weight of olive
oil containing BODIPY 500/510 C,, C,, fatty acid (D3823, 2 ng/g;
Molecular Probes) was excised, frozen in optimum cutting tempera-
ture (OCT) compound, cut into 10- to 12-um sections, fixed for 10
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minutes with 10% neutral buffered formalin (Sigma-Aldrich), and
mounted with ProLong Diamond Antifade Mountant with DAPI
(ThermoFisher Scientific). Sections were examined by confocal
fluorescence microscopy to assess BODIPY labeling or stained with
antibodies against lipin 2, lipin 3, apoB, or calnexin (described under
Immunoblot analysis section). Briefly, after 60-minute fixation with
10% neutral buffered formalin, the sections were incubated with
primary antibodies (1:100-1:500) overnight at 4°C and examined
by fluorescence microscopy with a Leica TCS-SP5 confocal laser-
scanning microscope equipped with an argon-krypton laser.

Electron microscopy. Mice were fasted 5 hours or were fasted 5
hours and gavaged with 100 ul corn oil and allowed to digest for 2
hours, sacrificed, and perfused through the heart with PBS followed
by fixative (2.5% glutaraldehyde in 100 mM sodium cacodylate). The
small intestine was flushed with additional fixative, and a small piece
was collected and saved in fixative overnight at 4°C. The fixed tissue
was incubated with 1% osmium tetroxide for 1 hour at room tempera-
ture, washed with distilled water, and incubated with 2% uranyl ace-
tate overnight at 4°C in the dark. Tissues were rinsed with distilled
water and dehydrated by serial incubations with 20%, 30%, 50%,
70%, and 100% acetone for 30 minutes each. Samples were incubated
in Spurt’s resin at 70°C overnight. Tissue sections (50 nm) were pre-
pared with a DIATOME diamond knife and a Leica Ultramicrotome,
placed on 200-mesh copper grids, and stained with Reynolds lead
citrate for 5 minutes. Images were captured with a 100CX JEOL elec-
tron microscope at 80 kV.

PAP activity assay. PAP activity was measured as described previ-
ously (31). Briefly, fresh proximal intestinal tissues were homogenized
in lysis buffer consisting of 250 mM sucrose, 2 mM DTT, Phosphatase
Inhibitor Cocktails 1 and 2, 1x Complete Mini EDTA-free Protease
Inhibitor Cocktail, and 0.15% Tween 20. PAP1 activity was measured
in 100 mM Tris/HCl buffer, pH 7.4, containing 5 mM MgCl, and 2 mg/
ml fatty acid-poor bovine serum albumin with 0.6 mM tritiated PA
(approximately 6 x 10* dpm labeled with [*H]palmitate) mixed with
PA derived from egg PC, 0.4 mM PC, 1 mM EDTA, 1 mM EGTA, and
200 uM tetrahydrolipstatin to block the degradation of DAG. Tween
20 was adjusted to a final concentration of 0.05%, and the reactions
were incubated at 37°C. Chloroform containing 0.08% olive oil was
added to stop the reaction and basic alumina was added to remove any
PA or [*H]palmitate formed by phospholipase A activity. The [FH|DAG
product was isolated and quantified by scintillation counting. Lysate
protein amounts and incubation times were optimized to ensure that
less than 15% of PA was consumed during incubation. Three different
protein concentrations were analyzed for each sample to ensure the
proportionality of the assay. Parallel analyses were done in the pres-
ence of excess N-ethylmaleimide (5 mM) to assess the contribution of
lipid-phosphate phosphatase activity. This latter activity was subtract-
ed from the total activity to yield true PAP activity values. These assay
conditions were chosen to maximize the PAP activity relative to that of
lipid-phosphate phosphatases.

Coimmunoprecipitation. Coimmunoprecipitation studies were
done to assess the interaction between lipin 2 and lipin 3. HEK293 cells
were transfected with expression constructs for mouse lipin 2 with a
C-terminal V5 epitope and for lipin 3 with a C-terminal Myc epitope.
Cell lysates were incubated with 1 pg of mouse anti-V5 antibody (Invit-
rogen), 4 pg of mouse anti-Myc antibody (Upstate Biotechnology), or 4
ug of nonspecific mouse IgG (Jackson ImmunoResearch) overnight at
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4°C. Lysis buffer contained 1% NP-40 (Sigma-Aldrich), 1x Complete
Mini Protease Inhibitor Cocktail, and 0.1% Phosphatase Inhibitor
Cocktails 2 and 3 in PBS. Antibody complexes were bound to Protein
A/G PLUS-agarose beads (sc-2003, Santa Cruz Biotechnology) for 2-3
hours at 4°C. After 3 washes with PBS plus 0.1% NP-40, protein was
eluted and analyzed by Western blot. Lipin 2-V5 was detected with
rabbit anti-V5 (Bethyl Laboratories; 1:5,000), and lipin 3-Myc was
detected with rabbit anti-Myc (Bethyl Laboratories; 1:10,000).

Postprandial hypertriglyceridemia assessment. Mice were fasted for
5 hours (0800-1300 hours), blood was collected from a nick in the tail
vein (time 0), and the mice were immediately gavaged with olive oil
(10 pl/g body weight) or oil containing BODIPY 500/510 C,, C,, fatty
acid to assess postprandial TAG excursions and to visualize fatty acid
internalization and incorporation into cellular lipids, respectively (63).
Blood was collected by tail vein nick at 1, 2, 3, 4, and 5 hours after the
olive oil challenge. Plasma TAG levels were measured with the Tri-
glyceride Assay Kit (Sigma-Aldrich) as described previously (33).

Chylomicron secretion rates were assessed as described previously
(64). Mice were fasted for 5 hours (0800-1300 hours), given 200 mg/
kg tyloxapol (Sigma-Aldrich) in 0.9% NacCl by tail vein injection, and
gavaged with olive oil 10 minutes later. Blood was collected as described
for TAG determination.

Lipidomic analyses. Lipidomic analyses and biochemical lipid
measurements were done as described previously (33, 65). Briefly,
lipids were extracted from the intestinal epithelium, fecal pellets, or
plasma by a modification of the Bligh and Dyer method (66). Fecal
pellets were desiccated overnight before extraction. TAG, free cho-
lesterol, cholesteryl ester, free fatty acid, phospholipid, sphingo-
lipid, and DAG species were quantified by electrospray ionization-
tandem mass spectrometry. Cellular PC, PA, and TAG levels in entero-
cyte-like HT-29 cells were biochemically determined with a PC assay
kit (Sigma-Aldrich), total PA kit (Cell Biolabs), and serum triglyceride
determination kit (Sigma-Aldrich) as described previously (33).

Generation of LPIN2/3-KO human intestinal cells with CRISPR/
Cas9. CRISPR genomic editing technology was used to delete LPIN2
and LPIN3 in HT-29 cells by established methods (67). The guide
RNA sequences targeting human LPIN2 exon 2 or LPIN3 exon 2 were
subcloned into the plasmid px459 (Addgene, 48319), a gift from Feng
Zhang (The Broad Institute, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA) (68). The 2 constructed plasmids for
LPIN2 and LPIN3 were cotransfected into HT-29 cells. Two to 4 hours
after transfection, transfected cells were selected for resistance to 1
mg/ml puromycin for 72 hours, diluted, and plated as single cells/well.
The resulting cell clones were screened by DNA sequencing of the tar-
get gene region and clones with suspected lipin 2/3 deficiency were
confirmed by Western blot with lipin 2 and lipin 3 antibodies (34, 36).

Lipid droplet size distribution in HT-29 cells. WT and LPIN2/3-KO
HT-29 cells were treated with 0.4 mM oleate containing 1% BODIPY
500/510 C,, C,, fatty acid for 24 hours, fixed in 10% neutral buff-
ered formalin, and imaged with a Leica TCS-SP5 confocal laser-
scanning microscope. Lipid droplet diameter was measured with
Image] (http://imagej.nih.gov.ij/). For each experimental group, at
least 500 droplets were analyzed.

Cell fractionation. Cells were harvested, washed with ice-cold
PBS, resuspended in 2 ml of buffer (250 mM sucrose, 20 mM Tris-HCl
[pH 7.4],1 mM EDTA, Roche Complete Protease Inhibitor tablet), and
lysed with a tissue homogenizer. Lysates were cleared by centrifuga-
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tion at 1,000 g for 5 minutes and at 12,000 g for 15 minutes. The super-
natant was fractionated into floating lipid droplets and soluble and
membrane fractions by using a 2-layer gradient (upper layer, 5 ml: 50
mM sucrose, 20 mM Tris-HCI [pH 7.4], 1 mM EDTA, Roche Complete
Protease Inhibitor tablet; bottom layer, 5 ml: 250 mM sucrose, 20 mM
Tris-HCI [pH 7.4], 1 mM EDTA, Roche Complete Protease Inhibitor
tablet) by centrifugation at 100,000 g for 12 hours. Fractions were col-
lected, and the protein concentration of each fraction was determined
with the Pierce BCA protein assay kit (ThermoFisher Scientific). Frac-
tions were analyzed by immunoblot, as described above.

Gene expression analysis. RNA was extracted with TRIzol (Invi-
trogen). cDNA was synthesized and analyzed by quantitative PCR
(qPCR) as described previously (33). The qPCR primer sequences are
given below; all are mouse unless otherwise indicated. AcoxI CAG-
GAAGAGCAAGGAAGTGG, CCTTTCTGGCTGATCCCATA; ASBT
ATGCAGAACA CGCAGCTATG, GCTCCGTTCCATTTTCTTTG;
ApoB CAGTATTCTGCCACTGCAACC, AGGACTTCACTAGATA-
AGGTCC; CD36, GAGACTGGGACCATTGGTGA, TATATGTAG-
GC TCATCCACTAC; Pcytl GGGCCAGTGACAGCTAGGGAAA,
CGAGGTCAGAGTCCCTCGCATT; PCYTIA (human) CGGCAAC-
CAGCTCCTTTTTCTG, CGGGCGTGACCAGAGTGAAATA; Cptla
AAACCCACCAGGCTACAGTG, TCCTTGTAATGTGCGAGCTG;
Dgatl TGCTACGACGAGTTCTTGAG, CTCTGCCACAGCATT-
GAGAC; Dgat2 GGCGCTACTTCCGAGACTAC, TGGTCAGCAG-
GTTGTGTGTC; Fabpl GTCAAGGCAGTCGTCAAGCT, TCTTG-
TAGACAATGTCGCCCA; Fabp2 TAGACCGGAACGAGAACTATG,
AATGGTCCAGGCCCCAGTGA; LPIN2 (human) CCTCTCCT-
CAGACCAGATCG, GGAGAATCTGTCCCAAAGCA; LPIN3
(human) CACTCCACCCTCCACTCCTA, ACAGGTAGATGGTGG-
CCTTG; Mogat2 TGGTGGTACCTGGACTGGGACA, GTGGAAG-
CCCGCGATGTAGTTC; Mttp, AGCTGCAATCTGGACTAAAGG,
ACTGTGACGTCGCTGGTTATC; Pnpla2 GCCAACGCCACT-
CACATCTACG, GGGTCTTTAGTAGACAGCCACG; Sarlb CAG-
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CACGTCCCAACGCTACATC, ACGTGCCCACCCAGATCAAAA;
36b4 AGTACACCTTCCCACTTACTG, ACCAAGTCAAGAGACT-
GTCTC; Thp ACCCTTCACCAATGACTCCTATG, ATGATGACTG-
CAGCAAATCGC.

Statistics. The observed birth rate of Lpin2/3-KO mice was com-
pared with the expected number (according to Mendelian inheritance)
by »? test. Quantitative results are presented as mean * SD. Two-way
ANOVA or 1-way ANOVA, followed by Bonferroni’s correction was used
for multiple comparisons (Stata 11). A value of P < 0.05 was considered
statistically significant.

Study approval. The Institutional Animal Care and Use Commit-
tee of UCLA approved all animal experimental protocols.
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