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Mammalian lipin phosphatidic acid phosphatases
in lipid synthesis and beyond: metabolic and
inflammatory disorders

Karen Reue' and Huan Wang

Department of Human Genetics, David Geffen School of Medicine, and the Molecular Biology Institute,
University of California, Los Angeles, Los Angeles, CA 90095

Abstract The regulation of cellular lipid storage o
and membrane lipid composition plays a critical
role in metabolic homeostasis, and dysregulation
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inflammatory disease (lipin 2), and impaired

intestinal lipoprotein assembly (lipin 2/lipin 3).

Characterization of these diseases has revealed roles for lipin PAP activity in fundamental cellular processes such as autoph-
agy, inflammasome activation, and lipoprotein assembly. Lipin protein activity is regulated at pre- and posttranscriptional
levels, which suggests a need for their ordered response to specific physiological stimuli. Challenges for the future include
better elucidation of the unique biochemical and physiological properties of individual lipin family members and determina-
tion of lipin protein structure-function relationships.lll Further research may propel exploration of lipin proteins as viable
therapeutic targets in metabolic or inflammatory disorders.—Reue, K., and H. Wang. Mammalian lipin phosphatidic acid
phosphatases in lipid synthesis and beyond: metabolic and inflammatory disorders. J. Lipid Res. 2019. 60: 728-733.
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A deep understanding of the mechanisms that regulate
cellular lipid storage and membrane content is necessary
to elucidate human metabolic disorders such as obesity
and fatty liver, and related diseases including type 2 diabe-
tes and atherosclerosis. The mammalian lipin proteins
(lipin 1, lipin 2, and lipin 3) are active in the synthesis
of both the major storage lipid, triacylglycerol (TAG), and
major membrane phospholipids (1, 2). The lipin proteins
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also regulate lipid intermediates that activate signaling
nodes for diverse cellular processes (3). As a result, lipin
proteins are involved in many cellular processes, including
the regulation of lipid storage, lipoprotein synthesis, au-
tophagy, inflammation, and gene expression. Here, we pro-
vide an overview of the mammalian lipins and their roles in
normophysiology and disease. Due to space constraints,
the reader is referred to other recent reviews on mamma-
lian lipins for topics not covered here (3-6).

Abbreviations: CCTa, CTP:phosphocholine cytidylyltransferase «;
DAG, diacylglycerol; IL, interleukin; MAG, monoacylglycerol; MGAT,
monoacylglycerol acyltransferase; PA, phosphatidic acid; PAP, phospha-
tidic acid phosphatase; TAG, triacylglycerol.
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LIPIN PROTEINS AND GLYCEROLIPID SYNTHESIS

In most mammalian tissues, TAG is synthesized by the
glycerol 3-phosphate pathway through the sequential ac-
tion of acyltransferases and lipin phosphatidic acid phos-
phatases (PAPs) (1, 2) (Fig. 1). An alternative pathway for
TAG synthesis is active primarily in the small intestine.
This pathway utilizes monoacylglycerol (MAG), an abun-
dant product of fat digestion, as the substrate for TAG syn-
thesis (7, 8) (Fig. 1). As a component of the glycerol
3-phosphate pathway, lipin enzymes convert phosphatidic
acid (PA) to diacylglycerol (DAG), which is a precursor of
TAG as well as zwitterionic phospholipids (phosphatidyl-
choline, phosphatidylethanolamine, phosphatidylserine)
(Fig. 1). Unlike acyltransferases, lipins do not have trans-
membrane domains and, instead, move freely from the
cytosol to membranes containing PA, such as the ER, mito-
chondria, and autophagosomes/lysosomes (6).

PAP activity was identified more than 60 years ago (9),
but due to properties of the PAP enzymes, biochemical
purification eluded investigators for decades. The isolation
of the lipin genes was accomplished through positional
cloning of a mouse mutation that impacted TAG synthesis
in adipose tissue, leading to the identification of a novel
gene family that is evolutionarily conserved from humans to
yeast (10). Carman and colleagues purified yeast PA phos-
phohydrolase activity and discovered that its sequence
matched the yeast ortholog of mammalian lipins, with the
DxDxT motif located in a conserved protein domain that is
required for enzymatic activity (11). Finck et al. (12) dem-
onstrated that lipin 1 also interacts with DNA-bound tran-
scription factors through an LxxIL motif to coactivate
transcription. These interactions include lipin 1 coactiva-
tion of PPARY coactivator 1o and hepatocyte nuclear factor
4o in hepatocytes to regulate fatty acid oxidation, and core-
pression of nuclear factor of activated T cells ¢4 to regulate
inflammatory gene expression in adipocytes (13-15).

TISSUE DISTRIBUTION OF THE THREE
MAMMALIAN LIPIN PROTEINS

The three mammalian lipin proteins each have PAP ac-
tivity, although with somewhat differing specific activities

G3p
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(Viay lipin 1 >> lipin 2 > lipin 3), and exhibit distinct tissue
distributions (3, 16). Lipin 1 is the exclusive lipin in human
and mouse skeletal muscle and is also prominently expressed
in adipose tissue, peripheral nerve, and testis, and at lower
levels in liver, small intestine, and many other tissues. Lipin 2
is the most abundant lipin in liver, and also has substantial
expression in small intestine, macrophages, and specific
brain regions. The lipin 3 expression pattern overlaps that of
lipin 1 and lipin 2, with highest levels in small intestine, adi-
pose tissue, and liver. These expression patterns raise the pos-
sibility of cooperation among lipin proteins within cells and/
or redundancy of lipin function in some cell types.

GENETIC LIPIN DEFICIENCIES HAVE REVEALED
CRITICAL PHYSIOLOGICAL ROLES

The pathologies of genetic lipin deficiencies in human
and mouse are consistent with their tissue distributions.
Mutations in human LPINI (encoding lipin 1) cause epi-
sodic childhood rhabdomyolysis, which can be fatal (17-
21). Lipin 1-deficient mice develop muscle pathology when
they are metabolically stressed (22), and also exhibit lipo-
dystrophy (10). The lipodystrophy phenotype led to the
delineation of an important role for lipin PAP activity in
adipocyte differentiation and TAG synthesis (23, 24). A
mouse model in which mature adipocytes express a Lpinl
allele that lacks PAP activity but retains coactivator func-
tion exhibits reduced adipose tissue TAG synthesis and li-
polysis, which indicates a requirement for PAP activity in
these functions (25). Interestingly, human lipin 1 defi-
ciency is not characterized by lipodystrophy, and it appears
that human lipin I-deficient adipocytes exhibit compensa-
tory mechanisms that are not present in mice, including
lipin-independent TAG synthesis and reduced lipolysis of
stored TAG (26).

Mutations affecting human lipin 2 cause Majeed syn-
drome, a rare autoinflammatory disorder mainly en-
countered in Middle Eastern countries (27-29). Lipin 2
mutations that inactivate PAP activity while leaving coactiva-
tor function intact are sufficient to cause Majeed syndrome
(30). The disease manifests as mild dyserythropoietic anemia
and episodic osteomyelitis, likely related to enhanced inflam-
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Fig. 1.

Pathways for glycerolipid synthesis. The glycerol 3-phosphate (G3P) pathway modifies a glycerol

3-phosphate backbone by the action of acyltransferases and lipin PAP to form TAG and phospholipids. With
the MAG pathway, MGAT acts on dietary-derived MAG and fatty acids to synthesize TAG. GPAT, glycerol
3-phosphate acyltransferase; AGPAT, l-acylglycerol-3-phosphate acyltransferase; DGAT, acyl-CoA:diacylglycerol
acyltransferase; LPA, lysophosphatidic acid; zwitterionic phospholipids (PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; PS, phosphatidylserine); anionic phospholipids (CL, cardiolipin; PI, phosphatidylino-

sitol; PG, phosphoglycerate).
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masome activation in macrophages (discussed in a later
section) (27, 29, 31). Lipin 2-deficient mice recapitulate
mild anemia and have reduced trabecular bone density, but
do not exhibit autoinflammation, likely due to absence of a
trigger for these symptoms in mice housed in pathogen-free
and environmentally controlled laboratory conditions (32).
Compound deficiency for lipin 1 and lipin 2 causes embry-
onic lethality in the mouse (32).

Human LPIN3 loss-of-function mutations have not been
identified, and lipin 3-deficient mice do not have a major
metabolic phenotype (33). This suggests that loss of lipin
3 can be compensated by the other two family members.
Studies of mice that are deficient in lipin 3 in combination
with either lipin 1 or lipin 2 have revealed collaborations
among the lipin proteins in various tissues. Lipin 3 has a
role alongside lipin 1 in adipocyte differentiation and adi-
pose TAG storage, such that lipin 1/lipin3-deficient mice
exhibit lipodystrophy that is even more profound than that
in lipin 1-deficient mice (33). Mice with compound lipin
2/lipin 3 deficiency have impaired intestinal lipid homeo-
stasis (discussed in a later section).

A ROLE FOR LIPIN 1 IN AUTOPHAGY

As described above, lipin 1 mutations cause severe mus-
cle dysfunction and destruction, and this has been shown
to be associated with impaired PAP activity (21). Analysis
of muscle ultrastructure in global or muscle-specific lipin
I-mutant mice revealed an accumulation of PA, dysfunc-
tional mitochondria, and autophagosome accumulation,
suggesting a defect in autophagy-mediated clearance of or-
ganelles (22, 34). Lipin 1 PAP activity (but not coactivator
function) was required for the generation of mature autoly-
sosomes that are responsible for the degradation of damaged
organelles and proteins (22). Lipin 1 PAP activity gener-
ates DAG at the surface of autophagosomes/lysosomes,
which activates a protein kinase D cascade that promotes
fusion of autophagosomes with lysosomes to form functional
autolysosomes (22) (see Graphical Abstract). Interestingly,
statin drugs attenuate protein kinase D activity, such that
the combination of lipin 1 haploinsufficiency and statin
drug therapy impairs autophagic flux and leads to myopa-
thy (17, 22). Thus, heterozygous LPINI mutations may be a
risk factor for statin-related myopathy.

A ROLE FOR LIPIN 2 IN REGULATION OF THE
INNATE IMMUNE RESPONSE

As described above, human lipin 2 deficiency causes the
autoinflammatory disease, Majeed syndrome. The symp-
toms of this disorder are attenuated by drugs that block the
cytokine interleukin (IL)-1B or the IL-1f receptor (29).
This clue led Balboa and colleagues to identify a role for
lipin 2 in the priming and activation of the NLRP3 inflam-
masome, a2 multi-protein complex that assembles in macro-
phages in response to pathogen exposure and leads to the
secretion of IL-13 and IL-18 (31). NLRP3 priming in macro-
phages occurs in response to the activation of cell surface
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receptors (such as toll-like receptors) by pathogens or dan-
ger signals. Lipin 2 appears to limit the priming by af-
fecting kinase signaling cascades and subsequent mRNA
transcription of NLRP3 and IL-1B (31) (Graphical Abstract).
Lipin 2 also influences the activation of the NLRP3 inflam-
masomes by maintaining cellular membrane cholesterol
levels, which influence signaling through purinergic recep-
tors, leading to inflammasome assembly and caspase-1 pro-
duction. Caspase-1 processes the IL-13 pro-peptide to its
mature active form, which is enhanced in Majeed syndrome.
The role of lipin 2 in inflammasome activation is similar in
macrophages isolated from mice and humans (31), sug-
gesting that the muted inflammatory phenotype in lipin
2-deficient mice compared with humans may reflect the
pathogen-free conditions that laboratory mice are raised in
rather than a physiological difference between species.
The role of lipin 2 in innate immune function also likely
underlies the observed association of lipin 2 missense mu-
tations with psoriasis, and suggests that lipin 2 activity
should be considered in the evaluation of autoinflamma-
tory conditions of unknown etiology (35).

Macrophages also express lipin 1. Recent studies suggest
that lipin 1 may amplify inflammation by promoting mac-
rophage production of the proinflammatory cytokine, IL-
23, in response to toll-like receptor 4 activation (36). Lipin
1-deficient mice have reduced gut inflammation in experi-
mentally induced colon cancer, which is associated with
reduced infiltration of macrophages into colon tumors
and reduced macrophage activation and PAP activity (37).
Additionally, LPIN1 expression levels have prognostic value
in the clinical course for some subtypes of colon cancer.

A ROLE FOR LIPIN 2 AND LIPIN 3 IN INTESTINAL
LIPOPROTEIN SYNTHESIS

Lipin 2 and lipin 3 are expressed in a wide array of tis-
sues, but in most cases, lipin 1 is also present and appears
to be the dominant player owing to its higher PAP-specific
activity. An exception is the small intestine, which expresses
lipin 2 and lipin 3 without lipin 1 (16). The small intestine
absorbs ~95% of dietary TAGs, which are hydrolyzed to
MAGs and free fatty acids in the intestinal lumen (7, 8). In
enterocytes, these components are reassembled into TAGs,
which may be transiently stored as lipid droplets or incor-
porated into chylomicron particles and secreted into the
circulation through lymphatic ducts. It is estimated that
70-80% of intestinal TAG synthesis for chylomicron pro-
duction is via the MAG acyltransferase (MGAT) pathway,
and genetic ablation of Mogat2 (encoding mouse intestinal
MGAT?2) delays the rate of triglyceride appearance in the
circulation after a meal (38). This raises a question of
whether the enzymes of the glycerol 3-phosphate pathway
serve a unique function in intestinal lipid metabolism or
are a redundant mechanism for TAG synthesis.

We used mouse models to investigate the role of lipins 2
and 3 in small intestinal lipid metabolism (39). The lack
of either lipin 2 or lipin 3 alone leads to a reduction in in-
testinal PAP activity, but has little effect on intestinal lipid



homeostasis. However, deletion of both lipin 2 and lipin 3
leads to 25% reduced body weight on a chow diet and lethal-
ity on a high-fat diet within a few days. Lipin 2/3-deficient
enterocytes incorporate dietary fatty acids into TAGs (pre-
sumably through the MGAT pathway), but tend to store
the resulting TAGs in cytosolic lipid droplets rather than in-
corporate them into nascent chylomicron particles in the ER
lumen. Lipin 2/3 PAP activity (but not coactivator activity)
regulates enterocyte phospholipid levels and membrane com-
position, which influences the availability of TAGs in the ER
lumen to associate with the key chylomicron protein (apo-
lipoprotein B48). Lipin PAP activity may influence entero-
cyte phospholipid levels in at least two ways: 1) by converting
PA to DAG, a precursor of phosphatidylcholine; and 2)
by modulating PA levels, which indirectly regulate the lev-
els of the key phosphatidylcholine biosynthetic enzyme
[CTP:phosphocholine cytidylyltransferase o (CCTa)] (39)
(Graphical Abstract). Chylomicron assembly in lipin 2/3-de-
ficient enterocytes can be rescued by inhibiting CCTa activity
to normalize cellular phospholipid levels. Thus, lipin 2/3
PAP activity in enterocytes hydrolyzes PA, regulates phospho-
lipid synthesis, and promotes conditions that allow TAG
transport into the ER lumen for chylomicron assembly.

MULTI-LEVEL REGULATION OF LIPINS

The involvement of lipins in important physiological
processes has led to interest in understanding how lipin
activity is regulated. Prior to the identification of the genes
encoding lipins, it was known that PAP activity is regulated
by fasting, glucocorticoids, and alcohol [reviewed in (1, 4,
5)]. We now know that the lipin genes are regulated by the
glucocorticoid receptor, the sterol response element-bind-
ing protein 1, estrogen-related receptor o/7, hepatocyte
nuclear factor 4o, nuclear respiratory factor 1, and PPARy
coactivator la [reviewed in (1, 4, 5)]. Lpinl expression is
also regulated through the action of microRNAs, which
may fine-tune lipin 1 expression levels in response to stim-
uli such as alcohol and lipopolysaccharide (5).

A key determinant of lipin PAP activity is posttransla-
tional modification of lipin proteins. In mammalian lipins,
posttranslational modifications include phosphorylation,
sumoylation, acetylation, and ubiquitination (40-48) (Fig. 2).
Modifications that promote lipin 1 translocation to the
ER membrane (and membranes of other organelles)
regulate PAP activity by allowing lipin protein access to
its substrate, PA [reviewed in (6)]. Harris and colleagues

Post-translational regulation of Lipin 1

Nucleus™
T .

Cytoplasm

Lipin 1
degradation
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Fig. 2. Posttranslational lipin protein modifications regulate subcellular localization and activity. Modifications that promote lipin 1 trans-
location to the ER membrane (and membranes of other organelles such as autophagosomes/lysosomes) regulate PAP activity by allowing
lipin protein access to its substrate, PA. Insulin, mammalian target of rapamycin (mTOR), and casein kinase activities all lead to lipin 1
phosphorylation (40, 43, 48). Hyperphosphorylated lipin 1 associates with 14-3-3 proteins and is retained in the cytoplasm (45). The CTD-NEP/
NEP1-R1 phosphatase complex dephosphorylates lipin 1 and promotes membrane association (46). Lipin 1 membrane association is
also promoted by acetylation via the TIP60 acetyltransferase (47), and lipin 1 sumoylation enhances nuclear localization (44). Polyubiquitina-
tion primes lipin 1 for degradation (48). P, phospho group: Ac, acetyl group, Ub, ubiquitin; CK, casein kinase; mTORCI, mammalian
target of rapamycin complex 1; SIRT1, sirtuin 1; SCF reer SCF (Skp1/Cullinl /F-box protein) E3 ubiquitin ligase complex/F-box pro-
tein b-transducin repeat-containing protein; SUMO, sumoylation sites; TFs, transcription factors.
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have identified differences between lipin 1 and the other
two lipin family members in posttranslational modification
and subcellular localization (42, 49). While all three lipins
are phosphorylated at multiple sites, only lipin 1 phosphor-
ylation is regulated by insulin and mammalian target of
rapamycin. Furthermore, whereas lipin 1 phosphorylation
influences its membrane association, lipin 2 phosphory-
lation does not, and sequence differences in a polybasic
domain underlie differences in phosphoregulation be-
tween lipin 1 and lipin 3. Understanding the properties
of biochemical regulation of the three lipin family
members may shed additional light on their individual
physiological roles.

FUTURE PERSPECTIVES

In the years since molecular cloning of the lipin genes,
we have learned that Mendelian mutations in two of the
lipins cause severe diseases, and have delineated critical
and unforeseen roles for lipin PAP regulation of lipid inter-
mediates in protein and organelle quality control by au-
tophagy, regulation of NLRP3 inflammasome activation,
and lipoprotein assembly. Much remains to be discovered.
One key area for future attention is the determination of
lipin protein structure, which will shed additional light on
lipin PAP and transcriptional activities. Another area that
deserves attention is the further elucidation of the biochem-
ical and physiological division of labor between the three
lipin proteins. Finally, questions arise as to whether lipin
proteins are viable therapeutic targets to modulate TAG ac-
cumulation in conditions such as obesity or fatty liver. Major
challenges exist on this front. As illustrated by genetic lipin
deficiencies, inhibition of lipin activity may be beneficial in
some tissues but detrimental in others. Furthermore, be-
cause the dual activities of lipin proteins as PAP enzymes
and transcriptional cofactors may oppose one another (i.e.,
PAP modulation of TAG synthesis vs. transcriptional activa-
tion of fatty acid oxidation), a global inhibition of lipin
function will likely not be useful. Compounds that influ-
ence lipin protein subcellular localization may be a more
promising approach, but further understanding of the reg-
ulation of lipin localization and activities is required.Ell
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