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Abstract: Phosphatidic acid (PA) is a glycerophospholipid intermediate in the triglyceride synthesis
pathway that has incredibly important structural functions as a component of cell membranes
and dynamic effects on intracellular and intercellular signaling pathways. Although there are
many pathways to synthesize and degrade PA, a family of PA phosphohydrolases (lipin family
proteins) that generate diacylglycerol constitute the primary pathway for PA incorporation into
triglycerides. Previously, it was believed that the pool of PA used to synthesize triglyceride was
distinct, compartmentalized, and did not widely intersect with signaling pathways. However, we now
know that modulating the activity of lipin 1 has profound effects on signaling in a variety of cell types.
Indeed, in most tissues except adipose tissue, lipin-mediated PA phosphohydrolase activity is far
from limiting for normal rates of triglyceride synthesis, but rather impacts critical signaling cascades
that control cellular homeostasis. In this review, we will discuss how lipin-mediated control of PA
concentrations regulates metabolism and signaling in mammalian organisms.
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1. Introduction
Foundational work many decades ago by the laboratory of Dr. Eugene Kennedy defined
the four sequential enzymatic steps by which three fatty acyl groups were esterified onto the
glycerol-3-phosphate backbone to synthesize triglyceride [1]. The penultimate step in this pathway,
the dephosphorylation of phosphatidic acid (PA) to form diacylglycerol (DAG), is catalyzed by
Mg2+ -dependent PA phosphohydrolase (PAP) enzymes; an enzymatic activity first quantified in
1957 [2]. This lipid had been measured in plants, but at that time, the existence of PA in Animalia was
controversial. It is now known that PA is maintained at picomolar concentrations in most cells and that
this glycerophospholipid constitutes a critical branching-point in the Kennedy Pathway (Figure 1). PA is
the precursor of cytidine diphosphate diacylglycerol (CDP-DAG) used to make several phospholipids
including phosphatidylglycerol and phosphatidylinositol, while DAG is the substrate for synthesis of
other abundant phospholipids like phosphatidylcholine and phosphatidylethanolamine. Although the
elegant studies of Kennedy described PAP activity in chicken liver at a biochemical level in 1957 [2],
the cloning of the genes that encode proteins with PAP catalytic activity would require almost 50 years
of additional study [3,4]
Convergent lines of research in multiple model organisms and serendipitous findings with
freezer-archived samples would eventually lead to the identification of the mammalian lipin family of
proteins as PAP enzymes [5]. In 2006, the lab of George Carman reported that the yeast Pah protein
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catalyzed the long sought Mg2+ -dependent PAP activity in yeast [3]. This protein was the yeast
homolog of the mammalian lipin family of proteins that were identified by Dr. Karen Reue’s group in
2001 [4], but at that time they had no known molecular function. Han and colleagues demonstrated that,
like the yeast Pah protein, mammalian lipin proteins had intrinsic PAP activity, answering this enduring
biological question [3]. Given a number of differences in the regulation of yeast and mammalian lipin
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Figure 1. Phosphatidic acid as a central component in the Kennedy Pathway of lipid synthesis.
Figure 1. Phosphatidic acid as a central component in the Kennedy Pathway of lipid synthesis.
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the spontaneous mutation leading to the phenotype of fatty liver dystrophic (fld) mice [6]. In
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Figure 2. Lipin 1 structure and posttranslational modifications. (A) The lipin 1 protein contains several
serine and threonine phosphorylation sites (P). Additionally, lipin 1 is acetylated (AC), sumoylated (SU),
and ubiquitinated (Ub). Lipin 1 contains highly conserved N-terminal lipin (N-LIP) and C-terminal
lipin (C-LIP) domains. The nuclear localization signal (NLS) is within the poly basic domain (PBD).
The haloacid dehalogenase domain (DxDxT) is the catalytic motif and the LxxIL motif are contained
within the C-LIP domain. (B) Recent crystal structure data suggests the N-LIP and C-LIP domains,
which are separated by a linker region, interact to form an immunoglobulin-like domain in the
native state.
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Lipin activity seems to be controlled at several regulatory levels, though the control of the lipin 1
isoform is best understood compared to lipin 2 and 3. Transcription of the Lpin1 gene is dynamically
regulated in response to a variety of metabolic stimuli and disease states [17], but a great deal of lipin 1
activity is regulated post-translationally. Lipin 1 is a phospho-protein that is a target of the mechanistic
target of rapamycin complex 1 (mTORC1) signaling pathway [9,19] (Figure 2A). Hyper-phosphorylation
of serine/threonine residues of lipin 1 by mTORC1 drives its localization to the cytosol and away
from the membrane and nuclear compartments [9,20]. Since PA is an insoluble lipid and embedded
in cellular membranes, lipin 1 phosphorylation likely has the effect of reducing conversion of PA to
DAG without affecting intrinsic PAP activity. mTORC1 is an important nutrient-sensing kinase and
is downstream of the insulin receptor signaling cascade; thus, linking nutritional status to lipin 1
activity. In addition, the modification of lysine residues in lipin 1 by sumoylation [21], acetylation [22],
and ubiquitination [23] can regulate lipin 1 localization and degradation, though it is unknown
whether there is interplay among these various lysine modifications to modulate lipin 1 stability
and activity (Figure 2A). Although less is known about the regulation of lipin 2, some studies have
shown it is regulated both transcriptionally and translationally [24] and also post-translationally via
phosphorylation [25]. Very little is known about the regulated expression and control of lipin 3 activity.
The modulation of lipin expression and activity at multiple regulatory levels allows the cell to tightly
control the activity of this enzyme.
3. Phosphatidic Acid and Diacylglycerol as Regulators of Signaling Pathways
For many years now, PA and DAG have been recognized as important regulators of intracellular
signaling pathways and membrane biophysical properties as recently reviewed [26,27]. There are
several enzymatic reactions that synthesize or catabolize these intermediates. For example, like PAP
proteins, Mg2+ -independent lipid phosphate phosphohydrolases (LPPs) dephosphorylate PA into
DAG [28]. While LPP activity is important in controlling PA- and DAG-mediated signaling, LPP activity
occurs primarily at the plasma membrane. LPPs also dephosphorylate LPA, ceramide-1-phosphate,
and sphingosine-1-phosphate [28]. Although many of these signaling pathways are parallel to those
affected by lipin expression [29], we focus our attention to DAG- and PA-responsive pathways shown
to be specifically regulated by lipin-mediated PAP activity.
Many of the effects ascribed to PA or DAG have been mechanistically demonstrated. However,
it is important to note the near impossibility of modulating the abundance of one lipid without affecting
levels of other related lipids. For example, PA can be rapidly converted to lysophosphatidic acid (LPA)
by phospholipase A family lipases and the addition of high amounts of PA to cells in culture will likely
alter abundance of LPA as well (Figure 1). Thus, caution should be taken in interpreting such results.
The mTOR signaling cascade is one of the most prominent kinases regulated by PA abundance [30,31]
(Figure 3). As discussed above, mTOR is a nutrient responsive kinase that forms at least two distinct
complexes of accessory proteins that regulate a multitude of downstream targets [32]. mTORC1
regulates protein synthesis, autophagy, mitochondrial metabolism and transcription of enzymes
involved in lipid synthesis, whereas mTOR complex 2 (mTORC2) negatively regulates insulin signaling,
controls cell stress response, apoptosis and cytoskeleton organization [32]. mTORC1 directly interacts
with PA and this interaction allosterically activates mTORC1 to initiate a mitogenic response [33].
PA activation of mTOR, appears to have similar effects as insulin stimulation in myocytes [34];
yet, PA has also been shown to inhibit insulin signaling and is anti-mitogenic in adipocytes [35].
Work in lipin 1-deficient mice has demonstrated that mTORC1 activity is chronically elevated in some
tissues [36]. mTORC1 has important negative regulatory effects on autophagy and mice or cells lacking
lipin proteins exhibit general defects in autophagy [37,38]. Interestingly, PA accumulation seems to
inhibit the activity of the mTORC2 signaling cascade [39]. In hepatocytes, lipin 1 knockdown leading
to PA accumulation was associated with reduced mTORC2 activity and insulin resistance [39].

mice or cells lacking lipin proteins exhibit general defects in autophagy [37,38]. Interestingly, PA
accumulation seems to inhibit the activity of the mTORC2 signaling cascade [39]. In hepatocytes, lipin
1 knockdown leading to PA accumulation was associated with reduced mTORC2 activity and insulin
resistance [39].
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nuclear-localized PAP activity is required for the induction of the adipogenic program in these cells [16].
Other work has suggested that the lipin-mediated remodeling of PA to DAG in the nuclear membrane
by lipin 1 may also regulate gene expression by affecting chromatin structure and function [20].
In addition, the product of lipin 1 PAP activity, DAG, is also a significant regulator of signaling
cascades including Protein Kinase C (PKC) and Protein Kinase D (PKD) (Figure 3). Activation of
PKC isoforms by DAG accumulation in insulin-sensitive tissues has been linked to insulin resistance
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in obesity [49], and in mouse liver, lipin 1 mediated DAG production led to insulin resistance via
activation of PKCε [50]. Additionally, in keratinocytes, lipin deficiency led to reduced activation
of PKCα and affected the differentiation program of these cells [51]. Moreover, loss of lipin 1 and
subsequent reductions in DAG levels in skeletal myocytes have been linked to inhibition of PKD
activity, which led to impairments in autophagic flux and skeletal myopathy in fld mice [38].
Below we will detail the known connections between lipin and PA and its impact on signaling and
metabolism in four tissue types. In order to focus this review, we will not discuss important findings in
other types of cells and apologize for any oversights or unintentional exclusions.
4. Adipose Tissue
Mutations in lipin 1 lead to the marked lipodystrophic phenotype of fld mice [4], which is consistent
with the effects of mutation or knockout of other enzymes involved in triglyceride synthesis also
resulting in lipodystrophy [52]. This is somewhat predictable given that lipin 1 is highly expressed
in adipocytes and the role of its enzymatic activity in triglyceride storage. However, in addition to
an inability to store fat, lipin 1-deficient adipocytes also fail to induce the expression of canonical
genes of the adipogenic program in vitro in response to a differentiation cocktail of hormones [53,54].
Accumulation of PA may explain this observation as this lipid has been shown to activate anti-adipogenic
signaling, such as the ERK-MAPK pathway [53,55], and PA inhibition of differentiation is rescued by
blocking ERK signaling in 3T3-L1 cells [56]. Complementation studies have also shown that both PAP
activity and nuclear localization of lipin 1 are required for adipogenesis to occur in vitro, raising the
possibility that this activity is required in the nucleus to induce adipogenesis [16]. This could also fit
with lipin 1 transcriptional regulatory function enhancing activity of PPARγ [57], a crucial regulator
of adipogenesis. In mice, knockout of lipin 3 slightly reduces PAP activity in white adipose tissue,
but does not seem to affect adiposity and lipin 3 seems insufficient to compensate when lipin 1 is
absent [58]. On the other hand, humans with mutations in the gene encoding lipin 1 (LPIN1) exhibit no
defects in adipogenesis or reduction in adiposity [26,59], likely suggesting that other members of the
lipin family or other PA phosphohydrolases can compensate [60].
Conditional knockout of lipin 1 after adipocyte differentiation has begun in mice has very mild
effects on adiposity on a standard diet [53,61]. Fat-specific lipin 1 knockout mice have somewhat
smaller fat pads on a standard diet, but a high fat diet produces a robust phenotype and fat-specific
lipin 1 knockouts are highly resistant to diet-induced obesity [53]. Despite a lean phenotype, these mice
are more susceptible to insulin resistance on a high fat diet likely due to accumulation of ectopic lipid in
other tissues [53]. This observation is interesting in light of translational studies showing that adipose
tissue lipin 1 expression in humans with obesity correlates well with insulin sensitivity. Specifically,
patients with high adipose lipin 1 expression exhibit greater insulin sensitivity in skeletal muscle and
liver [62,63]. Consistent with this, lipin 1 overexpression in mouse adipose tissue promotes an obese,
but insulin sensitive phenotype [54]. Though PA has not been linked to this systemic effect on insulin
sensitivity per se, it is possible that this lipid or other related lipids may be involved in inter-organ
communication that leads to insulin resistance and that appropriate sequestration of these lipids in
adipocytes protects other tissues from lipotoxicity.
Fat-specific lipin 1 knockout mice also exhibit marked reductions in Protein Kinase A (PKA)
signaling that result in impaired basal and stimulated lipolysis [43]. This was due to accumulation
of PA, since other methods to increase PA abundance also impaired PKA activity. Mechanistically,
PA suppressed PKA activity by a two pronged mechanism involving a direct interaction with
phosphodiesterase 4 (PDE4) and by activating mTOR signaling to enhance PDE activity and reduce
cAMP [43]. Interestingly, it has long been known that β-adrenergic agonists increase PAP activity [64]
and stimulate lipin 1 trafficking to its active site at the membrane [9]. While counterintuitive, given the
role of lipin 1 in fat storage, it is possible that this effect is a mechanism to amplify PKA signaling
in response to β-agonists in adipocytes. Conversely, when PA is abundant, triglyceride synthesis is
favored and lipolysis is inhibited. Though first observed in mouse adipocytes, this effect on PKA
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activity is also observed in lipin 1-deficient mouse liver [43] and heart [36,44] and lipin 1 abundance
in adipose tissue of humans with obesity is inversely correlated with basal lipolytic rates [43]. Thus,
in adipose tissue, lipin 1 plays important roles in regulating fat storage and retention by regulating
both triglyceride synthesis and lipolysis.
5. Skeletal Muscle
Rare mutations in the LPIN1 gene in humans are associated with a syndrome of acute,
recurrent rhabdomyolysis that usually manifests in early childhood [59,65–68]. Rhabdomyolysis
is an acute syndrome of skeletal muscle injury resulting in the release of intracellular metabolites and
proteins, including creatine kinase and myoglobin, into the systemic circulation that can result in death
from renal, cardiac, or hematologic dysfunction. Although there are many common acquired causes of
acute rhabdomyolysis in children and adults, inborn errors in intermediary metabolism are often to
blame in idiopathic cases, especially in children.
To decipher the mechanisms by which loss of PAP activity leads to myocyte injury, investigators
have used a variety of mouse and cell culture models. It should be noted that fld mice [38] or mice
with muscle-specific lipin 1 deletion [37,69] exhibit a chronic and active myopathic phenotype that
is not a phenocopy of the acute syndrome in humans. The myopathy is characterized by myocyte
necrosis, myofibrils with central nuclei indicative of regeneration, and eventually development of
fibrotic lesions. Damaged mitochondria with impaired oxidative capacity accumulate in skeletal
myocytes from lipin 1-deficient mice due to impaired mitochondrial turnover through the process of
mitochondrial autophagy (mitophagy) [37,38]. The phenotype of fld mice can be rescued by transgenic
muscle specific overexpression of lipin 1 [38], which together with the skeletal muscle-specific knockout
models indicate a myocyte intrinsic effect.
Loss of lipin 1 in skeletal muscle leads to very low PAP activity in muscle and both the constitutive
and muscle-specific knockout of lipin 1 models all exhibit accumulation of PA and impairments in
autophagy. However, the mechanistic explanations for impaired autophagy and muscle pathologic
remodeling may vary upon the model used. For instance, whereas muscle-specific lipin knockouts
actually exhibit increased muscle DAG content [37,69], fld mice exhibit depletion of DAG [38], suggesting
that lipodystrophy of fld mice affects muscle lipid content. In fld mice and cells, DAG depletion leads
to impaired PKD activation, which leads to defective autophagy [38] and may also affect myocyte
differentiation via regulation of transcription factors that regulate developmental processes [70].
Since DAG actually accumulates in muscle of mice with conditional deletion of lipin 1 the PKD
mechanism does not seem to apply to this model. Indeed, muscle-specific LPIN1 knockout mice exhibit
signs of lipotoxic and sarcoplasmic reticular stress and treatment with agents that enhance fat oxidation
or chemical chaperones to alleviate stress can attenuate myopathy in these mice [69]. The mechanistic
basis for myopathic remodeling in these mice and human patients with LPIN1 mutations and optimal
treatment approaches will require further study.
6. Cardiac Muscle
Much of the literature regarding patients with LPIN1 mutations has focused on the skeletal
muscle manifestation of the disease and less is known about the effects on cardiac myocytes, despite
abundant expression of lipin 1 in the myocardium. Recently, it was shown that patients with LPIN1
mutations have increased cardiac triglyceride accumulation and some patients exhibited a defects in
cardiac function when challenged with exercise [71]. This may suggest that diminished mitochondrial
oxidative capacity under exercise conditions impairs cardiac function with energetic challenge.
The role of lipins in regulating cardiac metabolism and function has been more extensively
studied in mice. Lipin 1 and 3 seem to be expressed in the myocardium, but lipin 2 is not [8].
Despite expressing lipin 3 in heart, fld mice exhibit very little cardiac PAP activity and increased cardiac
PA [8]. When isolated hearts from fld mice were perfused with 3 H-oleate, the radiolabeled fatty acid
was more enriched in glycerophospholipids (PA, PI, PS, etc.), but cardiac triglyceride levels were
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not affected [36]. Hearts from fld mice actually exhibited cardiac triglyceride accumulation during
prolonged fasting despite decreased PAP activity [72]. Fld hearts also exhibit mild cardiac dysfunction,
but do not exhibit cardiac myocyte death or signs of fibrosis. The reasons for the different outcomes in
lipin 1-deficient skeletal and cardiac myocytes is not yet clear. We have recently developed mice with
cardiac-specific LPIN1 deficiency (manuscript submitted) and like fld mice, cardiac-specific deletion of
lipin 1 does not lead to myocyte dropout or development of myopathic remodeling [44]. However,
the cardiac lipin 1 knockouts also exhibit accumulation of PA, diminished mitochondrial respiration
potentially due to reduced cardiolipin content, and mild contractile dysfunction when challenged with
dobutamine. Interestingly, lipin 1 expression and PAP activity are diminished and PA abundance is
increased in acquired forms of heart failure in mice [8]. It is unknown whether loss of lipin 1 and the
accumulation of PA may contribute to the impairments in contractile dysfunction in these models.
Loss of lipin 1 in myocardium has been shown to have several signaling effects, including
activation of mTOR signaling [36]. Whereas mTOR activation is usually linked to cardiac hypertrophy,
hearts from fld mice are actually smaller than control hearts. It is possible that the activation of
mTOR is an adaptation to regulate cardiac energy metabolism. Kok and colleagues also noted
reduced phosphorylation of hormone sensitive lipase [36] in fld mouse hearts, which is consistent
with impairments in PKA activity. Indeed, cardiac-specific lipin 1 knockout also leads to impairments
in PKA activity, especially in the context of β-adrenergic stimulation [44]. This likely explains the
impairment in contractility observed in response to dobutamine. Further work to investigate whether
these observations translate to humans and to better characterize the cardiac phenotype of patients
with LPIN1 mutations is needed.
7. Liver
Unlike striated muscle and adipose tissue, the liver highly expresses both lipin 1 and lipin 2.
Although lipin 2 is more abundant than lipin 1 in normal mouse liver [7], hepatic lipin 1 expression is
highly induced by fasting, diabetes, glucocorticoid administration [17], and experimental alcoholic
fatty liver disease [73,74]. Lipin 2 mRNA is also induced in liver by fasting and diabetes, but lipin 1
and lipin 2 are under the control of different regulatory pathways [24]. These physiologic contexts
with increased lipin expression were shown many years ago to be associated with increased hepatic
PAP activity [75].
The high expression of both proteins in liver often leads to a great deal of compensation and there
are limited effects of deleting only one lipin family member. For instance, neonatal fld mice exhibit an
overt fatty liver phenotype [6,76], which is at odds with the role of lipin 1 as a PAP enzyme involved in
triglyceride synthesis. However, we now know that lipin 2 protein abundance is markedly increased
in fld liver [24] and that the fatty liver in this model is largely driven by loss of lipin 1 in adipose tissue
driving a lipodystrophic phenotype [43,68]. Conversely, knockout of lipin 2 leads to increased lipin 1
protein abundance in liver and does not affect hepatic triglyceride levels [77]. Acute knockdown of
lipin proteins circumvents some of these compensatory effects and has revealed pathophysiological
roles for lipin 1 and 2 in mouse models of fatty liver disease.
In many models of obesity-related related fatty liver disease, lipin 1 expression is increased [17,50].
However, not all obese mouse models exhibit an induction in lipin 1 [78] and lipin 1 seems to be
decreased in human subjects with obesity and hepatic steatosis [62]. Interestingly, liver-specific deletion
of lipin 1 does not prevent hepatic TAG accumulation in fasted mice. Liver lipin 1 knockout mice fed
a diet enriched in fat, fructose, and cholesterol were also not protected from triglyceride and DAG
accumulation or insulin resistance [77], suggesting that lipin 2 may be able to compensate for loss of
lipin 1. On the other hand, Ryu et al. showed that acute RNAi-mediated lipin 1 knockdown attenuated
hepatic steatosis and improved insulin-stimulated AKT activation in mouse liver and primary mouse
hepatocytes [50]. Mechanistically, activation of lipin 1 can increase cellular DAG; thereby activating
PKCε and driving insulin resistance [50]. Similarly, activation of lipin 2 in fatty liver or by ER stress was
also shown to cause insulin resistance by this mechanism [79]. However, other work in hepatocytes has
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suggested that PA induces insulin resistance by suppressing mTORC2 and that lipin 1 overexpression
actually attenuated insulin resistance [39]. Furthermore, in a genetic model of obesity, the UCP-DTA
mouse, lipin 1 expression was decreased and lipin 1 overexpression improved insulin signaling and
glucose tolerance [78]. Thus, the role of lipin 1 in hepatic insulin resistance remains controversial.
It has long been known that PAP activity is induced in rodent models of alcoholic fatty liver
disease (AFLD) [80] and that this coincides with a marked induction in lipin [73,74]. Surprisingly,
liver-specific lipin1-KO did not attenuate, but actually exacerbated triglyceride accumulation and
liver injury in a model of alcohol feeding, likely due to reduced fatty acid oxidation and triglyceride
secretion [73]. This suggests that the induction of lipin 1 in hepatocytes in AFLD may actually play an
adaptive or protective role by mechanisms that are still not completely clear. Interestingly, deletion of
lipin 1 in myeloid cells markedly attenuated hepatic inflammation while concomitantly exacerbating
hepatic steatosis in another model of AFLD [81]. This effect was attributable to altered secretion of
adipokines like fibroblast growth factor 15 and adiponectin. Thus, the effects of lipin 1 PAP activity in
myeloid cells may impact systemic inflammation and metabolism by altering interorgan endocrine
signaling pathways.
Recently, it was demonstrated that lipin 1 and 2 expression is decreased after experimental
overdose with acetaminophen (APAP) in mice coincident with a marked increase in liver and plasma
PA concentrations [82]. It is possible that lipin deactivation and PA accumulation after APAP overdose
is an adaptive mechanism to stimulate the hepatocyte proliferative response to regenerate liver tissue.
The mechanisms by which this occurs are still emerging. However, activation of mTOR signaling after
APAP treatment seems to precede the accumulation of PA, suggesting that PA is not the trigger for this
response. It is possible that PA is activating other mitogenic signaling pathways.
8. Summary
In conclusion, lipin-mediated PAP activity plays important and pleiotropic roles in regulating
lipid metabolism and cellular homeostasis via the metabolism of PA concentrations. Indeed, it may be
that limiting the accumulation of this unabundant lipid to modulate signaling pathways and limit PA
toxicity could be considered the primary function of this family of phosphohydrolases. The robust
phenotypes of mice and humans with lipin deficiency underscores the important roles that lipin 1
and 2 play in regulating adipocyte differentiation, myocyte homeostasis, and whole-body metabolism.
Future work will almost certainly define more important physiologic and pathophysiologic roles for
lipin proteins in modulating metabolism and signaling.
Author Contributions: A.J.L. and B.N.F. wrote and edited the manuscript. All authors have read and agreed to
the published version of the manuscript.
Funding: This research was funded by the Precision Nutrition and Metabolic Function, Washington
University-Centene Personalized Medicine Initiative and NIH grant R01 HL119225.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

Weiss, S.B.; Kennedy, E.P.; Kiyasu, J.Y. The Enzymatic Synthesis of Triglycerides. J. Biol. Chem. 1960, 235,
40–44. [CrossRef] [PubMed]
Smith, S.W.; Weiss, S.B.; Kennedy, E.P. The Enzymatic Dephosphorylation of Phosphatidic Acids. J. Biol. Chem.
1957, 228, 915–922. [PubMed]
Han, G.-S.; Wu, W.-I.; Carman, G.M. The Saccharomyces cerevisiae Lipin homolog is a Mg2+-dependent
phosphatidate phosphatase enzyme. J. Biol. Chem. 2006, 281, 9210–9218. [CrossRef] [PubMed]
Péterfy, M.; Phan, J.; Xu, P.; Reue, K. Lipodystrophy in the fld mouse results from mutation of a new gene
encoding a nuclear protein, lipin. Nat. Genet. 2001, 27, 121. [CrossRef] [PubMed]
Carman, G.M. Discoveries of the phosphatidate phosphatase genes in yeast published in the Journal of
Biological Chemistry. J. Biol. Chem. 2019, 294, 1681–1689. [CrossRef]

Biomolecules 2020, 10, 1386

6.

7.

8.

9.

10.

11.

12.
13.
14.
15.

16.

17.

18.

19.
20.

21.
22.

23.

10 of 14

Langner, C.A.; Birkenmeier, E.H.; Ben-Zeev, O.; Schotz, M.C.; Sweet, H.O.; Davisson, M.T.; Gordon, J.I.
The fatty liver dystrophy (fld) mutation. A new mutant mouse with a developmental abnormality in
triglyceride metabolism and associated tissue-specific defects in lipoprotein lipase and hepatic lipase
activities. J. Biol. Chem. 1989, 264, 7994–8003.
Donkor, J.; Sariahmetoglu, M.; Dewald, J.; Brindley, D.N.; Reue, K. Three Mammalian Lipins Act as
Phosphatidate Phosphatases with Distinct Tissue Expression Patterns. J. Biol. Chem. 2007, 282, 3450–3457.
[CrossRef]
Mitra, M.S.; Schilling, J.D.; Wang, X.; Jay, P.Y.; Huss, J.M.; Su, X.; Finck, B.N. Cardiac lipin 1 expression is
regulated by the peroxisome proliferator activated receptor γ coactivator 1α/estrogen related receptor axis.
J. Mol. Cell. Cardiol. 2011, 51, 120–128. [CrossRef]
Harris, T.E.; Huffman, T.A.; Chi, A.; Shabanowitz, J.; Hunt, D.F.; Kumar, A.; Lawrence, J.C. Insulin Controls
Subcellular Localization and Multisite Phosphorylation of the Phosphatidic Acid Phosphatase, Lipin 1.
J. Biol. Chem. 2007, 282, 277–286. [CrossRef]
Dwyer, J.R.; Donkor, J.; Zhang, P.; Csaki, L.S.; Vergnes, L.; Lee, J.M.; Dewald, J.; Brindley, D.N.; Atti, E.;
Tetradis, S.; et al. Mouse lipin-1 and lipin-2 cooperate to maintain glycerolipid homeostasis in liver and
aging cerebellum. PNAS 2012, 109, E2486–E2495. [CrossRef]
Ferguson, P.J.; Chen, S.; Tayeh, M.K.; Ochoa, L.; Leal, S.M.; Pelet, A.; Munnich, A.; Lyonnet, S.; Majeed, H.A.;
El-Shanti, H. Homozygous mutations in LPIN2 are responsible for the syndrome of chronic recurrent
multifocal osteomyelitis and congenital dyserythropoietic anaemia (Majeed syndrome). J. Med. Genet. 2005,
42, 551–557. [CrossRef] [PubMed]
Khayyo, V.I.; Hoffmann, R.M.; Wang, H.; Bell, J.A.; Burke, J.E.; Reue, K.; Airola, M.V.V. Crystal structure of a
lipin/Pah phosphatidic acid phosphatase. Nat. Commun. 2020, 11, 1309. [CrossRef]
Liu, G.-H.; Qu, J.; Carmack, A.E.; Kim, H.B.; Chen, C.; Ren, H.; Morris, A.J.; Finck, B.N.; Harris, T.E.
Lipin proteins form homo- and hetero-oligomers. Biochem J. 2010, 432, 65–76. [CrossRef]
Creutz, C.E.; Eaton, J.M.; Harris, T.E. Assembly of High Molecular Weight Complexes of Lipin on a Supported
Lipid Bilayer Observed by Atomic Force Microscopy. Biochemistry 2013, 52, 5092–5102. [CrossRef] [PubMed]
Boroda, S.; Takkellapati, S.; Lawrence, R.T.; Entwisle, S.W.; Pearson, J.M.; Granade, M.E.; Mullins, G.R.;
Eaton, J.M.; Villén, J.; Harris, T.E. The phosphatidic acid-binding, polybasic domain is responsible for the
differences in the phosphoregulation of lipins 1 and 3. J. Biol. Chem. 2017, 292, 20481–20493. [CrossRef]
[PubMed]
Ren, H.; Federico, L.; Huang, H.; Sunkara, M.; Drennan, T.; Frohman, M.A.; Smyth, S.S.; Morris, A.J.
A Phosphatidic Acid Binding/Nuclear Localization Motif Determines Lipin1 Function in Lipid Metabolism
and Adipogenesis. MBoC 2010, 21, 3171–3181. [CrossRef] [PubMed]
Finck, B.N.; Gropler, M.C.; Chen, Z.; Leone, T.C.; Croce, M.A.; Harris, T.E.; Lawrence, J.C.; Kelly, D.P. Lipin 1
is an inducible amplifier of the hepatic PGC-1alpha/PPARalpha regulatory pathway. Cell Metab. 2006, 4,
199–210. [CrossRef] [PubMed]
Kim, H.B.; Kumar, A.; Wang, L.; Liu, G.-H.; Keller, S.R.; Lawrence, J.C.; Finck, B.N.; Harris, T.E. Lipin
1 Represses NFATc4 Transcriptional Activity in Adipocytes To Inhibit Secretion of Inflammatory Factors.
Mol. Cell. Biol. 2010, 30, 3126–3139. [CrossRef]
Huffman, T.A.; Mothe-Satney, I.; Lawrence, J.C. Insulin-stimulated phosphorylation of lipin mediated by the
mammalian target of rapamycin. PNAS 2002, 99, 1047–1052. [CrossRef]
Peterson, T.R.; Sengupta, S.S.; Harris, T.E.; Carmack, A.E.; Kang, S.A.; Balderas, E.; Guertin, D.A.;
Madden, K.L.; Carpenter, A.E.; Finck, B.N.; et al. mTOR Complex 1 Regulates Lipin 1 Localization
to Control the SREBP Pathway. Cell 2011, 146, 408–420. [CrossRef]
Liu, G.-H.; Gerace, L. Sumoylation regulates nuclear localization of lipin-1alpha in neuronal cells. PLoS ONE
2009, 4, e7031. [CrossRef]
Li, T.Y.; Song, L.; Sun, Y.; Li, J.; Yi, C.; Lam, S.M.; Xu, D.; Zhou, L.; Li, X.; Yang, Y.; et al. Tip60-mediated
lipin 1 acetylation and ER translocation determine triacylglycerol synthesis rate. Nat. Commun. 2018, 9, 1916.
[CrossRef]
Shimizu, K.; Fukushima, H.; Ogura, K.; Lien, E.C.; Nihira, N.T.; Zhang, J.; North, B.J.; Guo, A.; Nagashima, K.;
Nakagawa, T.; et al. The SCFβ-TRCP E3 ubiquitin ligase complex targets Lipin1 for ubiquitination and
degradation to promote hepatic lipogenesis. Sci Signal. 2017, 10. [CrossRef]

Biomolecules 2020, 10, 1386

24.

25.

26.
27.
28.
29.
30.

31.

32.
33.
34.

35.
36.
37.

38.
39.
40.

41.

42.
43.

44.

11 of 14

Gropler, M.C.; Harris, T.E.; Hall, A.M.; Wolins, N.E.; Gross, R.W.; Han, X.; Chen, Z.; Finck, B.N. Lipin 2 Is a
Liver-enriched Phosphatidate Phosphohydrolase Enzyme That Is Dynamically Regulated by Fasting and
Obesity in Mice. J. Biol. Chem. 2009, 284, 6763–6772. [CrossRef]
Eaton, J.M.; Mullins, G.R.; Brindley, D.N.; Harris, T.E. Phosphorylation of Lipin 1 and Charge on the
Phosphatidic Acid Head Group Control Its Phosphatidic Acid Phosphatase Activity and Membrane
Association. J. Biol. Chem. 2013, 288, 9933–9945. [CrossRef]
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