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ABSTRACT OF THE DISSERTATION 

 

The Lipin Family of Phosphatidate Phosphatases:  

A Cooperative Effort for Lipid Homeostasis 

 

by 

 

Lauren Siobhan Csaki 

Doctor of Philosophy in Human Genetics 

University of California, Los Angeles, 2013 

Professor Karen Reue, Chair 

 

Lipins are a conserved family of phosphatidate phosphatase (PAP) enzymes that 

catalyze a critical step in glycerolipid biosynthesis, namely the removal of the phosphate 

group from phosphatidic acid to form diacylglycerol. While most lower organisms 

possess a single lipin gene, mammalian genomes contain genes for three lipin family 

members—lipin-1, lipin-2, and lipin-3—which presumably arose through gene 

duplication. Distinct tissue expression patterns, as well as unique disease phenotypes 

associated with different lipin deficiencies, suggest that each family member has a 

unique role in vivo. Lipin-1 deficiency causes lipodystrophy in the mouse, a 

consequence of its vital role in adipogenesis and triglyceride storage in adipose tissue.  

Lipin-2 deficiency affects lipid homeostasis in non-adipose tissues, including liver and 

brain, and causes a cyclical fever disease in humans called Majeed Syndrome. Little is 
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known about the physiological function of lipin-3, expressed mainly in kidney, intestine, 

adipose tissue, and liver.  

We are interested in teasing apart the unique physiological roles of each lipin 

family member. A simple working hypothesis is that each lipin is responsible for 

providing PAP activity in a unique but potentially overlapping set of tissues. In this 

dissertation, we expand on that model with the discovery of a complex system of 

cooperative relationships between lipin family members. We demonstrate that lipins 

work together to maintain lipid homeostasis in diverse tissues, from liver and brain (lipin-

1 and lipin-2) to adipose tissue (lipin-1 and lipin-3) to intestine (lipin-2 and lipin-3). We 

also explore further the established roles of lipin-1 in adipogenesis and lipin-2 in Majeed 

Syndrome. Together, the findings in this dissertation build upon our previous model of 

lipin family function and demonstrate that the three mammalian lipins exist not only as 

separate enzymes specialized for distinct tissues. Instead, they should also be viewed 

as a cohesive family unit, responding to and functionally interacting with one another to 

achieve a common end of lipid homeostasis. The combination of individual and 

cooperative roles is customized for each tissue to create a sophisticated mammalian 

organism. 
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CHAPTER 1 

Introduction to the Dissertation 

1



LIPINS ARE GLYCEROLIPID BIOSYNTHETIC ENZYMES 

 

The Importance of Proper Lipid Storage 

The lipid molecule triacylglycerol (TAG) is the primary energy storage molecule in 

the mammalian body, owing to its incredible efficiency in this role. Not only are TAGs 

hydrophobic, allowing them to be packed tightly into lipid droplets for storage without 

water, but TAGs also hold more than twice as much potential energy per gram than 

either carbohydrate or protein. Although most tissues are capable of synthesizing and 

storing TAG, adipose tissue is the main repository of this energy supply. In fact, 

abnormal accumulation of TAG outside of adipose tissue, as occurs in both 

lipodystrophy and obesity, yields negative metabolic consequences. Whether because 

of adipose tissue dysfunction (lipodystrophy) or capacity limitations (obesity), ectopic 

lipid storage and the resulting insulin resistance in these seemingly disparate conditions 

can lead to the same metabolic diseases including diabetes, cardiovascular disease, 

fatty liver disease, and dyslipidemia (1–4). Considering that over a third of the American 

population is obese (5), understanding the mechanisms and regulation of TAG storage 

remains a high priority in biomedical research. 

 

The Glycerolipid Biosynthetic Pathway 

In most tissues, synthesis of TAG occurs primarily by the glycerol-3-phosphate 

pathway (Fig. 1).1 In addition to TAG, this pathway also gives rise to other important 

                                                        
1 In the intestine, however, it is thought that an alternative pathway, the monoacylglycerol 
pathway, is the major route for TAG synthesis. Enterocytes use this pathway to process the 
substantial amounts of monoacylglycerol formed from the breakdown of dietary TAG in the 
intestinal lumen. 

2



glycerolipid molecules, namely phospholipids, which are critical for membrane structure, 

and bioactive lipid intermediates, which act in many important cellular signaling 

pathways. In the glycerol-3-phosphate pathway, fatty acids are sequentially added to a 

glycerol-3-phosphate backbone by three different acyltransferase enzymes. After the 

second fatty acid is attached, forming phosphatidic acid, the molecule must be 

dephosphorylated to form diacylglycerol before the third and final fatty acid can be 

affixed to generate TAG. This dephosphorylation step is catalyzed by phosphatidate 

phosphatase (PAP) enzymes, which differ from the acyltransferases in several respects.  

Unlike the acyltransferases, which permanently reside in the endoplasmic 

reticulum (ER) membrane, PAP enzymes translocate from the cytosol to the ER to 

perform their enzymatic function in the glycerol-3-phosphate pathway there, suggesting 

that they may have additional functions elsewhere in the cell. Furthermore, it has also 

been shown that PAP enzymes can translocate to the nucleus, suggesting they may be 

quite multifunctional indeed2 (6–11). PAP activity is also unique in that it acts at a 

crossroads of glycerolipid synthesis, where lipid intermediates are routed to either TAG 

or phospholipid synthesis. Furthermore, both the substrate (phosphatidic acid) and the 

product (diacylglycerol) of PAP activity can act as signaling molecules to activate 

numerous metabolic pathways, involved in important processes from cell growth to 

autophagy to cell survival/death (Fig.1). 

After discovery of the genes for all three acyltransferase activities in the 1990s 

(12, 13), the identity of PAP remained a mystery until 2006, when George Carman and 

colleagues were able to purify and sequence the yeast protein responsible for this 
                                                        
2 A secondary function for lipin-1 as a transcriptional coactivator has been described (40), but it 
is not well characterized in vivo, and it is far from clear how this is connected to lipins traveling 
to the nucleus. 

3



activity (14). It turned out to be a homologue of the mammalian lipin gene, discovered 

just a few years earlier by Karen Reue and colleagues as the gene affected in the 

lipodystrophic spontaneous mutant fld mouse strain (6). It was later determined that a 

requirement of this lipin for adipocyte differentiation, as well as TAG synthesis in 

adipose tissue, is the reason for the dramatic lipodystrophy seen in this mouse model 

(15). 

While yeasts possess a single lipin gene, mice and humans (and vertebrates in 

general) have three lipin genes, all of which are PAP enzymes (16). The fact that they 

all possess the same enzymatic activity begs the question of whether there are distinct 

physiological roles for these proteins. This type of scenario is seen often in higher 

organisms; in fact, the three acyltransferases in the glycerol-3-phosphate pathway also 

have multiple genes for each enzyme activity (13, 17). These sets of related genes 

constitute what are termed gene families, and they are a hallmark of higher-order life 

forms. 

 

Multi-functional Gene Families Arose by Duplication 

Lipins are just one of countless examples of gene families found in higher organisms, 

especially vertebrates. Gene families are groups of similar genes, called paralogs, that 

have arisen by duplication over the course of evolution. Gene duplication is an 

important source of new and specialized protein function (termed neofunctionalization 

and subfunctionalization), and has played an essential role in the evolution of 

increasingly complex organisms. While small scale duplications have also played a 

significant part in this evolution (18, 19), it is believed that two rounds of whole-genome 
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duplication in an ancestral vertebrate (called 2R) provided much of the raw material 

needed to kick start the evolutionary success of these higher-order animals (20–23). As 

a result, the modern genomes of lower organisms often have only a single ortholog of a 

given gene, while vertebrates possess several. Although two rounds of whole genome 

duplication are consistent with a final paralog count of four, the race for a newly 

duplicated gene to achieve new function before it becomes lost to mutation often means 

that not all four have survived to the present (24, 25). This, combined with additional 

smaller scale duplications and losses over time, has led to variation in the number of 

paralogs within each family and between different lineages/organisms.  

 

The Lipin Gene Family 

In the lipin gene family, mammals and other vertebrates possess three modern 

versions of an ancestral lipin gene, termed lipin-1, lipin-2, and lipin-33 (Fig. 2). The 

theoretical fourth copy derived from 2R replication was presumably lost early on, such 

that no evidence of it remains in modern organisms. Bony fish possess extra duplicated 

versions of both lipin-1 and lipin-2, due to a third round of whole genome duplication in 

this lineage called 3R (26, 27), but have retained a single copy of lipin-3, the other one 

likely having been lost over time. Contrasting with the vertebrates, most lower 

organisms possess only one lipin gene. In a few cases, however, there is evidence of 

gene duplication in lower organisms: sea squirts, nematodes, and plants each have two 

lipins. As seen on the lineage tree in Figure 2, these arose independently of the 

                                                        
3 Lipin-1 is numbered first and referred to as the founding member of the family because it was 
the original one discovered, though this should not be taken to mean that it is the “original” lipin 
gene. In fact, the ancestral lipin is probably most closely related to the modern lipin-3, based on 
sequence homology with the single lipins found in lower organisms (unpublished observations). 
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vertebrate 2R and bony fish 3R whole genome duplications, and likely resulted from 

small-scale duplications unique to these lineages. 

As mentioned before, after gene duplication occurs and mutations begin to 

accumulate, a race ensues between neofunctionalization/subfunctionalization and loss 

of the new copy (25). If a new gene does not quickly acquire a unique function that is 

selected for, it risks being lost to a debilitating mutation, eventually fading into the 

background as a pseudogene, or perhaps being lost altogether by deletion. Considering 

our lipin family from an evolutionary perspective, then, we are induced by the very 

survival of these duplicated genes to postulate that each lipin has evolved to perform a 

distinct and important physiological role. We are interested in teasing apart these 

unique functions of lipin-1, lipin-2, and lipin-3 in metabolism, manifesting as a sort of 

“case study” in the contribution of gene families to mammalian sophistication. 

 

Discovering Unique Roles for Each Mammalian Lipin 

Lending credence to the hypothesis that each one has a unique physiological role in 

the body, the three mammalian lipins exhibit distinct yet overlapping tissue distributions 

(16). Lipin-1 appears to be the major lipin in adipose tissue and muscle, while lipin-2 is 

expressed prominently in liver and cerebellum. Lipin-3 is expressed at low levels in 

intestine and kidney, and exhibits high expression levels in bone. In many of these 

tissues however (e.g. liver, kidney, brain, bone), multiple lipins are expressed to varying 

degrees, suggesting there may be redundancy or multiple lipin functions within these 

tissues. Furthermore, lipin deficiencies create distinct diseases in mice and in men, also 

suggesting distinct lipin functions. Lipin-1 deficiency, as mentioned earlier, produces 
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severe lipodystrophy in the mouse, owing to this protein’s role in adipocyte maturation 

and triglyceride synthesis (6, 28, 29). These mice also exhibit a peripheral neuropathy, 

due to lipid imbalance in the Schwann cells which leads to impaired formation and 

maintenance of the myelin sheath (30, 31). In humans, lipin-1 deficiency is responsible 

for severe cases of myopathy (32–34), and lipin-1 expression is correlated with markers 

of metabolic health such as insulin sensitivity, adiposity, and body mass index (35). 

Lipin-2 deficiency, by contrast, produces Majeed Syndrome in humans, a rare cyclical 

fever disease characterized by osteomyelitis and anemia (36, 37). In mice, as will be 

described in Chapter 7 of this dissertation, lipin-2 deficiency causes imbalances in liver 

and cerebellar lipid homeostasis, as well as some of the symptoms observed in Majeed 

Syndrome. No human disease has yet been traced to lipin-3 deficiency, and as I will 

discuss later in this dissertation, lipin-3 deficiency in the mouse has been difficult to 

study, owing to the lack of an overt phenotype in the lipin-3 knockout mouse generated 

by our group. 

Due in part to the ready availability of the lipin-1–deficient fld mice for study, most 

investigations in vivo thus far have focused on lipin-1, leaving the physiological roles of 

the other lipin family members less well characterized. Our group has attempted to 

tackle this problem by generating new mouse models to study the physiological roles of 

lipin-2 and lipin-3. The characterization of these mouse models has led us down an 

intriguing path of discovery, expanding in the process our perspective on the lipin family 

as individual, independently functioning enzymes, to include also cooperative 

functionality between family members. 
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THE DISSERTATION 

 

This dissertation chronicles a shift in viewpoints on the lipin family of genes, from 

a perspective of lipins as simply independent members of the same gene family, to one 

recognizing cooperation and crosstalk between these three proteins as well. In large 

part, the jumping off point for this broadened perspective was the creation of the lipin-3 

knockout mouse model. Intended to be an instrumental tool in discovering lipin-3 

function, as the lipin-1– and lipin-2–deficient models had been for the study of each of 

those proteins, the lipin-3 knockout mouse surprisingly exhibited no obvious phenotype. 

This compelled a consideration of the possibility that lipin family members could 

compensate for one another in vivo. By generating double knockout models to remove 

this compensation and gain insight into the hidden phenotypes of lipin-3 deficiency, we 

uncovered evidence of complex relationships between lipin family members, in which 

they work together to optimize metabolic homeostasis in various milieus. 

In Part I, I offer two reviews that together provide a thorough background on the 

field of mammalian lipins. Chapter 2 presents a fairly comprehensive digest of mouse 

and human lipin studies up to 2009. This review focuses on the roles of lipin proteins in 

TAG synthesis, from the perspective that each lipin functions individually. Chapter 3, 

written very recently, envisages the new direction in which the field is now headed. It 

addresses recent findings that include the role of lipin proteins in modulating lipid 

intermediates in the glycerol-3-phosphate pathway, as well as some of the newly 
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discovered cooperative relationships between lipin family members in specific tissues4. 

The review highlights common themes across lipin deficiencies, and coins the inclusive 

term “lipinopathies” to describe these disease states.  

In Part II, I report three studies of lipin-1 and lipin-2 to which I contributed during 

the early years of my graduate studies, while the direction of my main dissertation 

project was still in development. In these investigations, we asked explicit questions 

about the regulation of lipin-1 gene expression (Chapter 4) and the critical role of lipin-1 

PAP activity (Chapter 5) during adipocyte differentiation. In Chapter 6, we pursued the 

mechanism behind a point mutation in lipin-2 that causes Majeed Syndrome, a rare 

human cyclical fever disease. These core studies on individual lipins led us to pursue 

more questions about the less well-understood physiological functions of lipin-2 and 

lipin-3, by making mouse models of Lpin2 and Lpin3 deficiencies. As will be seen in Part 

III, these models opened the door to a new way of viewing the lipin family as 

cooperative proteins, which ultimately became the theme around which my dissertation 

work revolved. 

Finally, in Part III, I present three subsequent studies that demonstrate how our 

understanding of the lipin family has evolved to include relationships of a cooperative, 

compensatory, and synergistic nature. In Chapter 7, we developed the Lpin2 knockout 

mouse to explore the function of this gene, and discovered to our surprise a complex 

cooperation between lipin-1 and lipin-2 in liver and cerebellum. These were the first of 

several cooperative relationships recently uncovered between lipin family members, 

which ultimately led to this shift in how we envision the roles of these enzymes. 

                                                        
4 Due to its very recent publication, this review actually describes some work that will be 
presented in later chapters of the dissertation. 
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However, there remained a major gap in our understanding of the lipin family—the 

physiological function of lipin-3 was still unknown. A lack of phenotype in the Lpin3 

knockout mouse suggested compensation from other lipin family members. My main 

project, therefore, became the development and characterization of two double 

knockout mouse models—Lpin1/3KO (Chapter 8) and Lpin2/3KO (Chapter 9)—that 

would eliminate some of this compensation and reveal the underlying effects of lipin-3 

deficiency. These models revealed additional tissue-specific cooperation between lipin 

family members. In Chapter 8, we discovered with the Lpin1/3KO model a synergistic 

relationship whereby lipin-3 supports optimal function of lipin-1 in adipose tissue. In 

Chapter 9, the Lpin2/3KO model was used to find both unique and cooperative roles for 

lipin-2 and lipin-3 in intestinal lipid assimilation.  

Chapter 10 offers a concluding discussion of the findings presented in this 

dissertation. It also highlights the current and future studies designed to answer 

lingering questions about the relationships between lipin proteins and lipinopathy 

disease mechanisms. 
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Figure 1.1. Lipins act at a unique crossroads in the glycerol-3-phosphate pathway. 
Glycerol-3-phosphate (G3P) is sequentially acylated by three different acyltransferases 
to form triacylglycerol (TAG). In the penultimate step of this pathway, phosphatidic acid 
(PA) is dephosphorylated to diacylglycerol (DAG) by lipins, which possess 
phosphatidate phosphatase (PAP) activity. Of the major enzymes of the glycerol-3-
phosphate pathway, lipin (PAP) is unique in several ways. First, it is a phosphatase 
rather than an acyltransferase. Second, rather than being embedded in the endoplasmic 
reticulum (ER) membrane as the acyltransferases are, it translocates to ER from the 
cytosol to catalyze its reaction in this pathway. It has also been shown that lipin can 
translocate to the nucleus. Finally, in addition to its critical role in TAG synthesis for 
energy storage, lipin acts at a unique crossroads of lipid fates, as both its substrate 
phosphatidic acid (PA) and its product diacylglycerol (DAG) can be used to form 
phospholipids or can act as signaling molecules to activate numerous metabolic 
signaling pathways.  

  
Abbreviations: AC, adenylyl cyclase; AGPAT, 1-acylglycerol-3-phosphate 
acyltransferase; CL, cardiolipin; DGAT, diacylglycerol acyltransferase; ERK1/2, 
extracellular-signal-regulated kinase 1/2; GPAT, glycerol-3-phosphate acyltransferase; 
LPA, lysophosphatidic acid; mTOR, mammalian target of rapamycin; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, 
phosphatidylinositol; PI3K, phosphatidylinositol 3-kinase; PI4K, phosphatidylinositol 4-
kinase; PKC, protein kinase C; PKD, protein kinase D; PLC, phospholipase C; PS, 
phosphatidylserine. 
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Figure 1.2. Evolutionary Duplication and Conservation of Lipins. Lipins are highly 
conserved from humans to single-celled organisms. This lineage tree, adapted from the 
TreeFam database (38, 39), was generated by comparing the sequences of lipin genes 
in modern organisms to estimate the evolutionary relationships between them (branch 
lengths are not to scale). Duplication events are indicated by blue circles. Vertebrates 
are unique in that two rounds of whole genome duplication (1R and 2R) occurred in a 
common ancestor, resulting in an explosion of new genetic material that allowed 
neofunctionalization and subfunctionalization to give this lineage a distinct evolutionary 
advantage. The modern vertebrate lipin family (lipin-1, lipin-2, and lipin-3) are a result of 
these whole genome duplications. The theoretical fourth lipin was probably lost fairly 
early, since no trace of it remains in any modern vertebrate. The bony fish experienced 
an additional round of whole genome duplication (3R), resulting in extra copies of both 
lipin-1 and lipin-2. The extra copy of lipin-3 was also lost during evolution. Sea squirts, 
nematodes, and plants also have multiple lipins, derived from (likely small scale) 
duplications unrelated to the vertebrate whole genome duplications.  
  
Species included: Mammals: homo sapiens, pan troglodytes, macaca mulatta, bos 
taurus, canis familiaris, mus musculus, rattus norvegicus; Opossum: monodelphis 
domestica; Chicken: gallus gallus; Frog: xenopus tropicalis; Bony Fish: danio rerio, 
tetraodon nigroviridis, takifugu rubripes, gasterosteus aculeatus, oryzias latipes; Sea 
squirts: ciona intestinalis (1 lipin), ciona savigni (2 lipins); Insects: drosophila 
melanogaster, anopheles gambiae, anopheles aegypti; Segmented worm: capitella 
teleta; Sea snail: lottia gigantea; Nematodes: caenorhabditis elegans (1 lipin), 
caenorhabditis remanei (2 lipins), caenorhabditis briggsae (2 lipins); Sea urchin: 
stronglyocentrotus purpuratus; Placozoan: trichoplax adhaerens; Yeast: saccharomyces 
cerevisiae, saccharomyces pombe; Slime mold: dictyostelium discoideum; Plants: 
arabidopsis thaliana, oryza sativa. 
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PART I: BACKGROUND ON THE LIPIN GENE FAMILY 

 

In part I, I present two literature reviews that together provide a thorough 

background on mammalian lipin proteins. In Chapter 2, which was written in 2009, the 

emphasis is on lipin-1, since the bulk of lipin studies to date had focused on this family 

member. Tissue expression patterns of the three lipins did suggest that each family 

member has a unique role in vivo, though, and there was already evidence showing that 

human lipin-1 and lipin-2 deficiencies cause distinct phenotypes. In a manner consistent 

with our perspective at the time, of each lipin functioning independently in a unique 

subset of tissues, this review summarized what was known about each lipin family 

member in mouse and man. 

In Chapter 3, which was written four years later, our perspective of the lipin family 

had evolved. Rather than a comprehensive review, we focused on the latest research 

findings, most importantly the cooperative relationship between lipin-1 and lipin-2 

discovered in liver and cerebellum (presented in Chapter 7 of this dissertation), which 

began to shift our viewpoint to one in which the lipin family members have cooperative 

in addition to independent functionality. We also synthesized evidence of an important 

emerging theme in “lipinopathies:” a common result of lipin deficiencies in diverse 

tissues is the buildup of lipin’s substrate (PA) and its activation of signaling cascades 

that alter cellular function.  
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PART II: LIPINS AS INDEPENDENTLY FUNCTIONING FAMILY MEMBERS 
 

 In Part II, I present three studies to which I contributed while developing my 

primary dissertation project. In these studies, we asked specific questions about the 

roles of lipin-1 and lipin-2 PAP activity in adipogenesis and Majeed Syndrome, 

respectively. These core studies formed a basis for further inquiry into the less well 

understood physiological roles of lipin-2 and lipin-3, and our evolving viewpoint that lipin 

proteins function both independently and cooperatively (explored in Part III). 

 

Chapters 4 and 5: The Role of Lipin-1 in Adipogenesis 

As discussed in Part I, lipin-1 was first identified as the aberrant gene in the 

spontaneous mutant fld mouse strain. This mouse exhibits a striking lipodystrophy—a 

nearly complete lack of functional adipose tissue—which persists throughout life. The 

phenotype was initially explained by the complete lack of PAP activity in fld adipose 

tissue, which results in a failure to generate TAG by the glycerol-3-phosphate pathway. 

However, it was also shown that cells lacking lipin-1 exhibit very poor adipogenic 

capacity, explaining why fld adipose tissue consists mostly of immature pre-adipocytes. 

In light of this finding, many questions arose regarding the nature of the role of lipin-1 in 

adipogenesis. In Chapters 4 and 5, I present studies designed to address two such 

questions: 1. How is lipin-1 expression regulated during adipogenesis? and 2. Is PAP 

enzyme activity required for the adipogenic role of lipin-1? 
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Chapter 4: How is lipin-1 expression regulated during adipogenesis? 

In this study, we were the first to identify a regulatory element affecting 

expression of lipin-1: a glucocorticoid response element (GRE) upstream of the gene 

promotes induction of Lpin1 during adipogenesis. It may also represent a mechanism 

for turning on lipin-1 expression in adult metabolic tissues in conditions such as obesity 

or fasting. In this study, I worked under the tutelage of Dr. Peixiang Zhang, the first 

author of this paper, during my initial rotation in the laboratory. I assisted in the 

luciferase assays used to determine the location of the GRE upstream of Lpin1 (see 

Chap. 4, Fig. 4). I also performed the chromatin immunoprecipitation (Fig. 5B), with 

guidance from Dr. Zhang, which demonstrated, along with an electrophoretic mobility 

shift assay, that glucocorticoid receptor binds to the lipin-1 promoter.  

 

Chapter 5: Is PAP enzyme activity required  for the adipogenic role of lipin-1? 

 In addition to its role as a PAP enzyme, lipin has also been implicated in 

transcriptional coactivation. In response to fasting, hepatic lipin-1 appears to coactivate 

PPARα transcription with PGC-1α, as well as coactivate transcription of PPARα/PGC-

1α target genes involved in processes such as fatty acid oxidation (see Chapter 2). 

However, no role for this activity in adipogenesis has been established. In Chapter 5, 

we showed that lipin-1 PAP enzymatic activity, but not coactivator activity, facilitates 

induction of the master adipogenic regulator, peroxisome proliferor-activated receptor γ 

(PPARγ). We showed that in the absence of lipin-1 PAP activity, its enzyme substrate 

(PA) accumulates and prevents induction of PPARγ and adipocyte differentiation. This 

finding adds to the growing body of evidence that the regulation of lipin’s substrate and 

55



product levels are an important function of PAP activity. This emerging theme in lipin 

biology is discussed in more detail in Chapter 3. 

 In this study, I worked under the mentorship of Dr. Kazuharu Takeuchi. We used 

adenovirus to complement lipin-1–deficient mouse embryonic fibroblasts (MEFs) with 

either wild-type or PAP-deficient lipin expression. We showed that lipin-1, lipin-2, or 

lipin-3 could compensate for the loss of lipin-1, restoring adipogenic potential to fld 

MEFs. However, a PAP-deficient lipin-1 that retains coactivator function could not 

complement, indicating that PAP activity is critical for early stages of adipogenesis, and 

that the coactivator activity is not involved.  

 

Chapter 6: What is the Molecular Basis fo Majeed Syndrome in Patients with LPIN2 

S734L Mutations? 

An interest in lipin-2 was sparked by the discovery in 2006 that mutations in 

LPIN2 cause a disorder known as Majeed Syndrome, which is characterized by a 

recurring fever, osteomyelitis, and a dyserythropoeitic anemia. LPIN2 mutations in 

Majeed Syndrome include nonsense mutations and a single missense mutation. We 

postulated that the missense mutation would be informative in investigating the nature 

of lipin-2 dysfunction in Majeed Syndrome. In Chapter 6, we set out to characterize this 

mutation. 

 We studied the LPIN2 S734L Majeed Syndrome mutation by generating the 

equivalent mutation in mouse Lpin2, as well as the equivalent mutation in mouse Lpin1 

for comparison. These mutants exhibited a complete loss of PAP activity, but retained 

transcriptional coactivator activity and the ability to associate with microsomal 
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membranes. This demonstrated that Majeed Syndrome results specifically from the loss 

of lipin-2 PAP activity.  This study also characterized in detail the physiological sites of 

lipin-2 expression, which is relevant to understanding the complex, multi-tissue 

phenotype in Majeed Syndrome. 

I contributed to this study by characterizing expression of Lpin1, Lpin2, and Lpin3 

in some previously unexplored tissues: erythrocytes, lymphocytes, spleen, and thymus. 

Because of the anemia and bone inflammation observed in Majeed patients, we 

hypothesized that lipins may be relevant in these tissues. By comparison with liver 

expression levels, a tissue in which the relative importance of each lipin is better 

understood, we concluded that lipin-2 appears to be the most prominently expressed 

lipin in all of them, suggesting the possibility that a loss of lipin-2 in these tissues is 

indeed detrimental. 
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PART III: LIPINS AS COOPERATIVELY FUNCTIONING FAMILY MEMBERS 
 

In part III, I present three studies that illustrate how our perspective of the lipin 

family has expanded to view the three proteins as a cohesive family unit that often 

function together within the same tissues to achieve optimal lipid homeostasis. Until this 

point, we had investigated each lipin separately, asking questions about where and how 

each of the three enzymes function physiologically. This approach was sustained by two 

key observations: Firstly, the fairly unique tissue distribution patterns of the three 

mammalian lipins suggested that they might each have a distinct specialized function in 

vivo. Secondly, different lipin deficiencies produce distinct phenotypes in mouse and in 

man, pointing to unique physiological functions for each family member.  

To better define physiological roles of lipin family members, we used lipin-

deficient mouse models as our primary tools. In some cases, mice deficient for a single 

lipin protein exhibited insightful phenotypes, including where an additional lipin protein 

has a significant and compensatory function. In other cases, mice lacking a single lipin 

protein were uninformative, and we generated double lipin knockout models to unmask 

compensatory effects. These double knockout models proved to be extremely valuable, 

as they provided insight into functions performed by individual lipin proteins, as well as 

by combinations of lipin family members.  

 

Chapter 7: What is the physiological function of lipin-2? 

 This study was the first to reveal a cooperative relationship between lipin family 

members. In characterizing the lipin-2 knockout mouse model generated by our group, 
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we uncovered cooperation between lipin-1 and lipin-2 in liver and cerebellum. In this 

chapter, I worked in continuous collaboration with my colleague and fellow graduate 

student, Jennifer Dwyer, as we both explored questions about the physiological 

functions of lipin proteins for our respective dissertation projects.  

I contributed intellectually and technically to several aspects of this work. The 

most noteworthy contribution I made was to the studies of lipin-2 action in the 

cerebellum, reported in Figure 4 of this chapter. I worked on the balance assessment 

tests, provided consultation on the localization of lipin-2 expression to the Purkinje cells 

of the cerebellum, and performed statistical analysis of lipid species mass spectrometry 

data from young and aged cerebellum. Our findings showed that lipin-2 deficiency 

results in an age-dependent balance and movement defect due to an abnormal 

accumulation of PA in the cerebellum, where the lipin-2 PAP enzyme is normally 

expressed. In young mice, lipin-1 is also normally present in the cerebellum, and 

compensates for the loss of lipin-2 in the knockout mouse, preventing the lipid 

imbalance. As mice age, however, lipin-1 is no longer produced in the cerebellum, and 

the loss of lipin-2 becomes detrimental, causing PA accumulation. 

 

Chapters 8 and 9: What is the physiological function of lipin-3? 

 Concurrently with Dr. Dwyer’s research on the physiological role of lipin-2, I was 

developing what became my main dissertation project on the physiological role of lipin-

3. Initially, our efforts at investigating lipin-3 were thwarted by the lack of an overt 

phenotype in the lipin-3 knockout mouse. Hypothesizing that there may have been 

compensation from other lipin family members in this model, I set out to generate two 
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double knockout mouse models: Lpin1/3KO and Lpin2/3KO1. Owing to the distinct 

tissue distributions of lipin-1 and lipin-2, we expected that removing compensation from 

each in turn would reveal different phenotypes and uncover the relationship of each lipin 

to lipin-3. Indeed, this turned out to be the case. The Lpin1/3KO model (Chapter 8) 

revealed an unexpected role for lipin-3 in adipose tissue, where previously lipin-1 was 

believed to be the sole player. We discovered that lipin-3 is required for optimal PAP 

activity and triglyceride accumulation in adipose tissue, showed that lipin-3 is an 

important player in adipogenesis, and demonstrated a correlation between Lpin3 

expression levels and adiposity measurements in vivo. On the other hand, the 

Lpin2/3KO model (Chapter 9) revealed striking new evidence that both lipin-2 and lipin-

3 are important players in intestinal lipid homeostasis. While these two lipins can each 

compensate for the loss of the other, a deficiency in both leads to a dramatic 

accumulation of lipid in the enterocytes of the small intestine, implicating these enzymes 

as essential players in the processing of lipids from the diet.  

 

                                                        
1 Incidentally, any hopes we had of eventually generating a triple knockout mouse 
model deficient in all three lipin family members were foiled when we showed in Chapter 
7 that combined lipin-1 and lipin-2 deficiency was embryonic lethal.  
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Lipin-3 Plays a Major Role in Determining Adiposity 
 

Lauren S. Csaki, Jennifer R. Dwyer, Xia Li, Michael HK Nguyen, Jay Dewald, David N. 

Brindley, Aldons J. Lusis, Yuko Yoshinaga, Pieter de Jong, Loren Fong, Stephen G. 

Young, and Karen Reue 
 

ABSTRACT 

Mammalian genomes contain genes encoding three members of the lipin family of 

phosphatidate phosphatase (PAP) enzymes, which catalyze the penultimate step in 

glycerolipid biosynthesis. It remains unclear to what extent each of the three lipins 

contributes to PAP activity, triacylglycerol (TAG) storage, and lipid homeostasis in 

various tissues. Recent evidence suggests that in many tissues, these roles are 

executed by cooperative relationships between multiple lipin family members. Using 

single- and double-knockout mouse models, we investigated the role of lipins in adipose 

tissue, which was previously thought to be under the sole purview of lipin-1. We found 

that Lpin3 expression is regulated during mouse and human adipogenesis and is 

required for optimal adipocyte development. A deficiency of either lipin-1 or lipin-3 

results in dramatically reduced adipose tissue PAP activity, suggesting a functional 

interaction between lipin-1 and lipin-3. In addition, we found that variation in Lpin3 

expression levels across >100 mouse strains correlates with adiposity. Our findings 

indicate that lipin-3 cooperates with lipin-1 in adipose tissue to achieve optimal PAP 

activity, TAG accumulation, and adiposity in vivo. 
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INTRODUCTION 

Lipins are phosphatidate phosphatase (PAP) enzymes that catalyze the penultimate 

step in triacylglycerol (TAG) biosynthesis, the dephosphorylation of phosphatidate to 

diacylglycerol (1–5). While invertebrates and single-cell eukaryotes possess a single 

lipin gene, mammals have three lipin family members—lipin-1, lipin-2, and lipin-3—

which presumably arose through gene duplication. Mammals possess many such gene 

families, whose members carry out redundant biochemical reactions and contribute to 

the complexity of these organisms. Classic examples include the oxygen-binding 

globins (6, 7) and the homeodomain (Hox) transcription factors controlling spatial 

organization during development (8, 9). In the case of the three lipin proteins, we 

hypothesized that each lipin family member has a unique physiological role in 

metabolism in vivo, despite similar enzymatic capabilities in vitro. We set out to 

investigate this hypothesis with lipin loss-of-function studies in mouse models. 

To date, most studies of mammalian lipin protein function have focused on lipin-1, 

the founding member of this family (reviewed in (5, 10)). In the mouse, lipin-1 deficiency 

causes severe lipodystrophy, insulin resistance (1, 11, 12), impaired hepatic lipid 

homeostasis during the neonatal period, and peripheral neuropathy in adults (13–15). 

Lipin-1 is critical for PAP activity in adipose tissue and skeletal and cardiac muscle (3, 4, 

16), consistent with the near absence of TAG accumulation in adipose tissue of lipin-1–

deficient mice. Furthermore, increased lipin-1 expression in adipose tissue is associated 

with increased adipose tissue mass (17, 18). In addition to facilitating TAG synthesis, 

lipin-1 PAP activity modulates the levels of the bioactive lipid intermediates 

phosphatidate and diacylglycerol. Elevated phosphatidate levels in lipin-1–deficient 

tissues contribute to inappropriate activation of signal transduction pathways that 

contribute to impaired adipocyte and Schwann cell differentiation (19, 20) and increased 

activation of S6 ribosomal protein in heart (16). In humans, lipin-1 deficiency causes 
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recurrent bouts of myopathy during childhood, which may also be associated with an 

accumulation of phosphatidate and related lipid intermediates (21–23). Interestingly, 

human lipin-1 deficiency has not been associated with lipodystrophy, suggesting that a 

compensatory mechanism exists, presumably involving other lipin family members. 

Furthermore, despite a severe lipodystrophic phenotype in lipin-1–deficient mice, a 

small amount of TAG-containing adipose tissue is detectable. These observations raise 

the possibility that lipin-2 and/or lipin-3 provide compensatory PAP activity in adipose 

tissue of lipin-1–deficient mice and humans, and beg the question of whether they also 

play a role in adipose tissue under normal conditions. 

Lipin-2 and lipin-3 exhibit tissue expression patterns distinct from lipin-1 and from 

each other, and many tissues express multiple lipin family members. Lipin-2 is highly 

expressed in liver and cerebellum, but lipin-1 is also present in these tissues (24, 25). In 

the characterization of lipin-2–deficient mice, we uncovered a requirement for both lipin-

1 and lipin-2 to provide adequate PAP activity under physiological stresses such as 

aging (in cerebellum) and high-fat feeding (in liver), but we did not detect any abnormal 

adiposity in these mice (25). Lipin-3 is expressed in adipose tissue, as well as kidney, 

intestine, heart and liver, all of which also express lipin-1 and/or lipin-2 (4, 16). We 

previously observed that lipin-3 expression is increased in the liver and heart of lipin-1–

deficient mice, suggesting that lipin-3 may partially compensate for lipin-1 deficiency in 

liver, and potentially other tissues (4, 16). Here, we employed single– and double–gene 

knockout models and demonstrated that lipin-3 cooperates with lipin-1 in adipose tissue 

to influence adipose tissue PAP enzyme activity and TAG accumulation, with related 

effects on adipocyte differentiation and adiposity. These findings uncovered a critical 

role for lipin-3 in several processes that were previously attributed exclusively to lipin-1.  
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RESULTS 

Lipin-3 is regulated during mouse and human adipogenesis. It is well 

established that Lpin1 expression is highly regulated during differentiation of both 

mouse and primary human adipocytes (26). We assessed whether additional lipin family 

members were also regulated during adipogenesis. Analysis of 3T3-L1 murine 

preadipocytes and primary human preadipocytes revealed that Lpin3 and LPIN3 

expression are induced about 8-fold during the conversion of preadipocytes to mature, 

lipid-filled adipocytes (Fig. 8.1A,B). In contrast, Lpin2/LPIN2 are not regulated during 

adipogenesis. As expected, Lpin1/LPIN1, Pparg/PPARG, and Fabp4/FABP4 expression 

increased, and the expression of Dlk1/DLK1 (also known as preadipocyte factor 1, Pref-

1) was extinguished, during adipocyte differentiation (Fig. 8.1A,B). These studies led us 

to hypothesize that lipin-1 and lipin-3 both play a role in adipose tissue. 

Lipin-3–deficient mice exhibit subtle metabolic abnormalities. To test our 

hypothesis, we generated lipin-3 knockout (Lpin3KO) mice by targeted gene trapping. 

The trapping cassette contained a promotorless β-geo cassette (a fusion of β-

galactosidase and neomycin resistance genes) flanked by arms of homology from intron 

3 of the mouse Lpin3 gene (Fig. 8.2A). Recombination in ES cells results in a mutant 

allele that yields a transcript consisting of sequences of the first three exons of Lpin3 

fused to β-geo; the predicted protein product lacks both PAP and coactivator motifs. 

Lipin-3 deficiency was confirmed by qPCR and by western blot analyses (Fig. 8.2B, C).  

Lpin3KO mice were born at the expected Mendelian frequency, and their gross 

appearance was indistinguishable from wild-type mice. In both mice and humans, lipin-3 

mRNA is most prominently expressed in small intestine, kidney, liver, and adipose 

tissue, and could potentially affect nutrient assimilation, growth and body composition, 

and lipid homeostasis (4). We therefore assessed Lpin3KO mice for body weight, tissue 

weights, and plasma lipid levels. On a chow diet, lipin-3 deficiency did not affect body 
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weight or tissue weight (Fig. 8.2D and 8.S1A,B). Furthermore, lipin-3 deficiency did not 

influence body weight gain in response to a high-fat diet (Fig. 8.2E). At advanced ages 

(14–16 months), Lpin3KO mice had slightly reduced body weight, but tissue weights 

and plasma lipid levels were within the normal range (Fig. 8.2F, 8.S1C).  

Lipin-3 deficiency impairs adipogenic potential of cultured stromal vascular 

cells. Given the striking induction of lipin-3 expression during mouse and human 

adipocyte differentiation (Fig. 8.1), we tested whether lipin-3 deficiency affects 

adipogenesis ex vivo. We harvested stromal vascular cells from the inguinal fat pads of 

6 wild-type and 7 Lpin3KO mice and examined their ability to differentiate into mature 

adipocytes. We found that lipin-3 deficiency led to a reduced capacity for adipocyte 

development. Compared to wild-type cells, a smaller proportion of lipin-3–deficient cells 

accumulated lipid droplets, and the lipid droplets that formed were smaller than in wild-

type cells (cultures from independent mouse preparations are shown in Fig. 8.3A and 

8.S2). The expression of genes that promote adipogenesis (e.g., Pparg, Fabp4, Lpin1) 

was attenuated in adipocytes from Lpin3KO mice compared to wild-type mice (Fig. 

8.3B). However, Dlk1 (Pref-1) expression levels were similar in wild-type and lipin-3–

deficient cells, indicating that suboptimal differentiation is not associated with enhanced 

expression of this negative regulator of adipogenesis.  

Lipin-3 is required for optimal PAP activity in adipose and other tissues. Lipin-

3–deficient preadipocytes exhibited impaired adipogenic capacity ex vivo, yet adipose 

tissue development in Lpin3KO mice appears normal. This raised the possibility that 

other lipins compensate for the loss of lipin-3 in the adipose tissue of Lpin3KO mice. 

The most likely candidate for this compensation in adipose tissue is lipin-1. We 

therefore generated mice lacking both lipin-1 and lipin-3 by intercrossing Lpin3KO and 

lipin-1–deficient Lpin1fld/fld mice (lipin-1–deficient fld mice will be referred to as Lpin1KO 

mice). The breeding studies yielded four groups of animals (wild-type (WT), Lpin1KO, 
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Lpin3KO, and Lpin1/3KO). We characterized the four groups of mice to identify unique 

and cooperative roles for lipin-1 and lipin-3. For each phenotype, we assessed the 

effects of lipin-1 and lipin-3 activity across all four groups of mice using two-way 

ANOVA, with Lpin1 genotype (WT or KO) and Lpin3 genotype (WT or KO) as the two 

covariates.  

We first assessed the effects of lipin-1 and lipin-3 deficiencies on PAP activity and 

TAG content in adipose tissue (Fig. 8.4A). In agreement with previous studies (3, 4), 

lipin-1 was required for adipose tissue PAP activity. To our surprise, lipin-3 deficiency 

led to an 85% reduction in PAP activity (0.66 ± 0.5 nmol/mg/min vs. 5.8 ± 0.4 

nmol/mg/min in wild-type; p < 0.0001). Despite the dramatic reduction in adipose tissue 

PAP activity, each single KO retained 40–80% of wild-type TAG concentration (Fig. 

8.4A). The loss of both lipin-1 and lipin-3 led to undetectable TAG within the small 

amounts of adipose tissue present in these mice.  

Lipin-1 and lipin-3 deficiencies had similar effects in spleen, kidney, and liver, but the 

effects of lipin-3 deficiency in these tissues were less dramatic than in adipose tissue 

(Fig. 8.4B). These milder effects of lipin-3 deficiency in these tissues may be due to 

higher levels of lipin-2 expression in these tissues (25).  

Lipin-3 did not play a critical role in achieving optimal PAP activity or TAG levels in 

heart, skeletal muscle, brain, or lung (Fig. 8.4C,D). In agreement with previous studies, 

lipin-1 was essential for PAP activity in skeletal muscle and heart but did not correlate 

with TAG content (16, 27) (Fig. 8.4C). In the brain and lung, a deficiency in lipin-1, but 

not lipin-3, modestly affected PAP activity (Fig. 8.4D), suggesting that lipin-1 and lipin-2 

are the major players contributing to PAP activity in those tissues. 

Co-expression of lipin-1 and lipin-3 affects lipin protein levels. The dramatic 

reduction in adipose tissue PAP activity observed upon the loss of either lipin-1 or lipin-

3 suggests that the two proteins function cooperatively. To assess consequences of the 

122



lipin-1–lipin-3 cooperation, we expressed the two proteins alone or in combination, 

using expression vectors driven by a heterologous promoter. Co-expression of lipin-3 

led to dramatically increased lipin-1 protein levels compared to expression of the same 

amount of lipin-1 plasmid alone; expression of lipin-1 in combination with lipin-3 led to 

modestly reduced lipin-3 levels (Fig. 8.5C).  

Lipin-1 and lipin-3 together influence adiposity in vivo. To determine whether 

the profound effect of combined lipin-1 and lipin-3 deficiency on adipose tissue PAP 

activity affects adiposity in vivo, we assessed fat pad mass from visceral (peri-gonadal) 

and subcutaneous (inguinal) adipose tissue depots at 1 month, 6 months, and 12 

months of age. As established previously (1, 11, 28), lipin-1–deficient animals had 

dramatically reduced fat pad size compared to wild-type mice (Fig. 8.6A), whereas lipin-

3 deficiency alone did not affect fat pad mass. Lpin1/3KO mice had even smaller 

relative fat pad mass than Lpin1KO mice, particularly in the gonadal fat pad (Fig. 8.6A).  

The effect of lipin-1/3 deficiency on fat pad mass was reflected in total body weight. 

We measured body weight in 303 mice (146 males, 157 females) ranging in age from 

21 to 150 days. These data were analyzed by linear regression using age, Lpin1 

genotype, and Lpin3 genotype as independent predictors of body weight. Males and 

females were analyzed separately. As expected, Lpin1–/– mice were significantly smaller 

than their Lpin1+/+ littermates, both for males (p < 0.001) and females (p < 0.001) (Fig. 

8.6B). In males, loss of lipin-3 also had a significant effect on body weight (p < 0.01); a 

similar trend was observed in females. Thus, lipin-1 and lipin-3 are independent 

determinants of body weight.  

We assessed whether the effects of lipin-1/3 deficiency on body weight were largely 

due to effects in adipose tissue, or might also reflect changes in other tissues. The four 

mouse genotypes exhibited similar tissue weights for liver, kidney, heart, and spleen, 

except for a slightly larger kidney size in lipin-1–deficient mice at 12 months of age (a 
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finding that was not observed at the other ages) (Fig. 8.S3). We also performed a panel 

of plasma chemistry measurements on plasma from the four groups of mice; no 

abnormalities were found in markers of kidney, liver, muscle, or pancreas function (Fig. 

8.S4).  

Natural genetic variation in Lpin3 expression is associated with adiposity. To 

determine whether naturally occurring genetic variations that influence Lpin3 expression 

levels are associated with variations in adiposity in vivo, we took advantage of the 

Hybrid Mouse Diversity Panel. This panel is a collection of 114 inbred and recombinant 

inbred mouse strains that have been characterized for metabolic traits and gene 

expression in adipose tissue (29, 30). Lpin1 expression levels in adipose tissue was 

correlated with all adiposity traits measured: total body fat mass, as well as fat pad 

mass for the femoral, gonadal, retroperitoneal, and mesenteric fat depots (Table 1). 

This was true when expressed as absolute fat pad mass or as percent of body mass. 

Lpin3 expression levels were also correlated with these adiposity traits. Notably, the 

correlation coefficients for adiposity traits and Lpin1/Lpin3 were of a similar magnitude 

as the correlation between adiposity and the expression of a master regulator of 

adipogenesis, Pparg (Table 1). Despite the well established positive effect of Pparg and 

Lpin1 expression on adipocyte differentiation, these genes, as well as Lpin3, exhibited 

negative correlation coefficients with adiposity traits, which may indicate that mature 

adipose tissue adapts and downregulates key adipogenic genes. Lpin2 expression 

levels were not correlated with any of the adiposity traits. Interestingly, both Lpin1 and 

Lpin3 (but not Pparg) expression levels correlated with the fasting glucose-to-insulin 

ratio (Table 1).  
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DISCUSSION 

Lipin proteins are the primary source of PAP enzyme activity in mammalian 

glycerolipid biosynthesis, but the extent to which each of the three lipin family members 

contributes to PAP activity, TAG storage, and lipid homeostasis in specific tissues has 

been unclear. Thus far, most studies of lipin physiology have focused on the roles of 

individual lipin paralogs through loss-of-function or gain-of-function approaches in cells 

and mouse tissues. However, recent evidence suggests that crosstalk and cooperation 

between lipin family members is required for optimal lipid homeostasis in various 

tissues. For example, lipin-1 and lipin-2 have an intricate relationship in liver, where 

both are required for maintenance of lipid homeostasis on a high-fat diet, and in 

cerebellum, where lipin-1 and lipin-2 work together to ensure homeostasis at various 

ages (25). Here, we demonstrate that in adipose tissue, lipin-3 cooperates with lipin-1 to 

achieve optimal PAP activity, TAG accumulation, and adiposity—functions that were 

presumed to be performed solely by lipin-1. Together, these observations justify a new 

perspective on the lipin family as a group of enzymes that function in an interdependent 

manner to achieve lipid homeostasis. 

At the outset of our study, we sought to further characterize the role of lipin family 

enzymes in adipose tissue. As previously established for lipin-1 (26, 28), we observed 

that lipin-3 is induced during mouse and human adipogenesis. To investigate the 

physiological role of lipin-3, we generated lipin-3–deficient mice. These mice lacked 

overt physical or metabolic abnormalities, aside from a modest reduction in body weight 

with advanced age. The age-dependent phenotype was reminiscent of the late-onset 

central nervous system defects in Lpin2KO mice, which became evident only after the 

compensatory lipin-1 expression waned as mice aged (25). We suspected that the 

presence of lipin-1 in Lpin3KO adipose tissue might partially compensate for the loss of 
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lipin-3. To better define the role of the lipin-1/lipin-3 interaction in vivo, we generated 

Lpin1/3KO mice.  

Earlier work demonstrated that lipin-1–deficient mice have virtually no PAP activity in 

adipose tissue (4), leading to the conclusion that lipin-1 accounts for nearly all of the 

PAP activity in adipocytes. Therefore, it was unexpected when we found that lipin-3 also 

is required for adipocyte differentiation and to achieve optimal PAP activity levels in 

adipose tissue. This was particularly surprising given that lipin-3 has a lower PAP 

specific activity than lipin-1 (4). Stromal vascular cells isolated from Lpin3KO inguinal fat 

exhibit impaired adipogenesis, including inability to induce PPARγ expression, similar to 

the phenotype of preadipocytes isolated from Lpin1KO mice (19, 28). The striking 

phenotype observed during adipocyte differentiation ex vivo was not obvious in adipose 

tissue from Lpin3KO mice, likely due to compensatory mechanisms that are active in 

vivo. Similar observations have been reported for other adipogenic genes, including 

those for adipocyte transcription factors C/EBPβ and C/EBPδ (31). In vivo, adipose 

tissue PAP activity was reduced more than 85% when either lipin-3 or lipin-1 were 

absent, suggesting that lipin-1 and lipin-3 work cooperatively to achieve optimal PAP 

function, rather than each contributing enzymatic activity in an additive fashion. Adipose 

tissue PAP activity and TAG accumulation are completely abolished when both lipin-1 

and lipin-3 are deleted. Thus, lipin-2 does not contribute at all to PAP activity in mouse 

adipose tissue.  

The demonstration that lipin-1 and lipin-3 appear to function in a cooperative manner 

for adipose tissue PAP activity spurred us to investigate how the two proteins might 

influence one another. Previous findings indicate that lipin-1 and lipin-3 proteins 

physically interact (32). Intriguingly, we showed that lipin-1 protein levels are increased 

when lipin-3 is coexpressed with lipin-1, compared to lipin-1 expressed alone, which 

may be a consequence of this physical interaction. This result provides a possible 
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explanation for why lipin-3 deficiency reduces adipose tissue PAP activity: in addition to 

its intrinsic PAP activity, lipin-3 may be an important determinant of lipin-1 protein levels, 

and hence PAP activity. The effect of lipin-3 on lipin-1 protein levels occurred while lipin-

1 and lipin-3 were each expressed from a heterologous viral promoter and therefore 

does not reflect changes in lipin-1 transcription, indicating a posttranscription or 

posttranslational effect. Future studies will be required to refine this mechanism and to 

investigate whether it is dependent upon a physical interaction between lipin-1 and lipin-

3.  

The demonstration of a role for lipin-3 in adipose tissue is interesting in light of the 

fact that lipin-1 deficiency in mice, but not humans, is associated with lipodystrophy (21–

23). In lipin-1–deficient mice, lipin-3 partially compensates for the loss of lipin-1 in 

adipose tissue, as evidenced by the further reduction in PAP activity, TAG content, and 

fat pad size in Lpin1/3KO mice compared to Lpin1KO mice. This raises the possibility 

that lipin-3 more fully compensates for the loss of lipin-1 in human adipose tissue, 

thereby preventing the lipodystrophy. Alternatively, the compensation is achieved by 

lipin-2 and lipin-3 together, since both are expressed in human adipose tissue (4). 

Interestingly, we observed a slight difference in the kinetics of lipin gene expression in 

cultured adipocytes from mice and humans: human LPIN3 is upregulated very early 

during differentiation, as is LPIN1, whereas mouse Lpin3 reaches peak expression 

several days later than Lpin1. This or other slight variations in lipin gene expression 

between mouse and human could contribute to the phenotypic differences in lipin-1 

deficiency in the two species.  

In addition to the loss-of-function studies, we demonstrated that naturally occurring 

genetic variations in adipose tissue expression levels of lipin-1 and lipin-3 are correlated 

with fat pad mass. These correlations were strongest for lipin-1, but lipin-3 correlations 

were of a similar magnitude to those observed for PPARγ, the fundamental driver of 
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adipogenesis. Correlations with lipin-3 expression levels were observed for fat pads 

from all four anatomical depots sampled but were highest for the subcutaneous femoral 

fat depot. Interestingly, all of the correlation coefficients between adiposity metrics and 

Lpin1, Lpin3, or Pparg expression levels were negative; presumably feedback 

mechanisms attenuate expression of these genes when a sufficient level of adiposity is 

achieved. Several human studies have also found negative relationships between lipin-

1 levels and adiposity-related measurements including BMI, percent body fat, and the 

metabolic syndrome (reviewed in (33)).  

In addition to the adiposity measurements, expression of Lpin1 and Lpin3 were 

correlated with glucose-to-insulin ratio. Since Pparg was not correlated with this 

measurement, it seems likely that the influence of lipins on glucose and/or insulin 

pathways is not downstream of their effects on adiposity. Consistent with this finding, a 

recent genome-wide association meta-analysis in humans uncovered a locus 

associated with fasting glucose levels for which LPIN3 is a likely candidate (34).  

The cooperative relationships between lipin-1 and lipin-3 in adipose tissue described 

in the current study, and between lipin-1 and lipin-2 in liver and cerebellum in earlier 

studies (25), raise the possibility that additional relationships between lipin family remain 

to be identified in other tissues. Indeed, our survey of PAP activity across eight tissues 

(Fig. 8.4) has suggested that different lipins could contribute in a cooperative fashion to 

PAP activity in multiple tissues. As summarized in Figure 8.7, we detected three general 

patterns of lipin tissue activity. In the first pattern, typified by adipose tissue, lipin-1 and 

lipin-3 act synergistically to achieve optimal PAP activity, and lipin-2 plays a negligible 

role. Variations on this pattern were observed in spleen, kidney, and liver, where 

additional PAP activity is provided by lipin-2. In the second pattern, typified by heart and 

muscle, lipin-1 appears to be the sole determinant of PAP activity. In the third pattern, 

typified by lung and brain, lipin-1 and lipin-2 contribute to PAP activity in an additive 
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fashion. With the development and characterization of additional knockout models, such 

as a Lpin2/3KO mouse, we should be able to build upon these patterns to understand 

how lipins cooperate in different tissues to achieve optimal PAP function and lipid 

homeostasis.  
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METHODS 

Animal studies 

Lpin3KO mice were generated by a targeted trapping (35). The trapping vector 

contained a splice acceptor site upstream of a promoterless βgeo cassette (fusion of a 

β-galactosidase reporter and a neomycin-resistance gene) inserted into intron 3 of the 

Lpin3 gene, leading to a fusion transcript that includes the first three exons of Lpin3 

linked in-frame to the β geo cassette (Fig. 8.1A). The vector was electroporated into 

strain 129/OlaHsd embryonic stem (ES) cells and selected with G418. Targeted cells 

were identified by 5’ RACE with a βgeo primer, followed by DNA sequencing to confirm 

recombination. Targeted ES cells were then injected into C57BL/6J blastocysts, and the 

resulting male chimeric mice were mated with C57BL/6J females to establish germline 

transmission. Wild-type and mutant alleles were detected by PCR with the following 

primers pairs: wild-type—tagagttgcctggactgtgg, tctggtgttggcttttcc; mutant—

ttatcgatgagcgtggtggtt, gcgcgtacatcgggcaaataa.  

Animals heterozygous for the fld allele (a nonfunctional Lpin1 allele that arose by 

spontaneous mutation) (14) were obtained from The Jackson Laboratory (Bar Harbor, 

ME). The fld mice were mated with with Lpin3+/– mice, and the resulting Lpin1+/–Lpin3+/– 

mice were intercrossed to obtain double knockout Lpin1–/–Lpin3–/– (Lpin1/3KO) animals, 

as well as wild-type and single knockout control littermates. 

All mice were housed under 12-hour light-dark conditions and fed a laboratory chow 

diet consisting of 4.5% fat and 50% carbohydrate by weight (Lab Diet 50010, Purina, St. 

Louis, MO). In specified studies, mice were fed a high-fat diet consisting of 35% fat and 

33% carbohydrate (Diet F3282, Bio-Serv, Frenchtown, NJ). Animal studies were 

approved by the UCLA Animal Research Committee. 
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Adipocyte Differentiation Studies 

Preadipocyte 3T3-L1 cells were obtained from Zen-Bio (Research Triangle Park, 

NC) and grown to confluency in a preadipocyte medium containing DMEM with bovine 

calf serum (Zen-Bio #PM-1-L1). 48 h post-confluence (day 0), cells were induced to 

differentiate with an adipogenic medium containing dexamethasone, insulin, 

isobutylmethylxanthine, a PPARγ agonist, and FBS (Zen-Bio #DM-2-L1). After 3 days, 

the cells were switched to an adipocyte maintenance medium containing insulin, 

dexamethasone, and FBS (Zen-Bio #AM-1-L1) and the medium was refreshed every 

other day according to the manufacturer’s protocol. Cells were collected in RiboZOL 

(Amresco, Solon, OH) reagent on day 0, 3, 6, 10, and 14 and total RNA was isolated.  

Human subcutaneous primary preadipocytes from middle-aged female donors with a 

normal average body mass index (26.8 kg/m2) were obtained from Zen-Bio and 

differentiated with an adipogenic medium containing dexamethasone, insulin, 

isobutylmethylxanthine, a PPARγ agonist, and FBS (Zen-Bio #DM-2). After 7 days, the 

cells were placed in an adipocyte maintenance medium containing insulin, 

dexamethasone, and FBS (Zen-Bio #AM-1). Cells were collected in RiboZOL on day 0, 

4, 8, and 14. 

Stromal vascular cells were isolated from inguinal fat pads of wild-type and Lpin3KO 

mice. The tissue was minced and incubated for 1 h with shaking at 37°C in 3 ml of 

HEPES:collagenase solution containing 0.1 M HEPES, 0.12 M NaCl, 50 mM KCl, 5 mM 

D-glucose, 1.5% BSA, 1 mM CaCl2, and 1000 units/ml collagenase. Samples were 

centrifuged at 50 × g for 5 min. The upper layer of tissue debris was discarded and the 

middle layer was centrifuged again at 200 × g for 10 min to pellet the stromal vascular 

cells, which were plated in DMEM containing 10% FBS. 48 h post-confluence (day 0), 

cells were induced to differentiate with an adipogenic medium containing 1 µM 

dexamethasone, 5 µ g/ml insulin, 0.5 mM isobutylmethylxanthine, 1 µM rosiglitazone, 
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and 10% FBS. After 2 days, the cells were switched to maintenance medium containing 

insulin, rosiglitazone, and FBS, and the medium was refreshed every other day. On day 

6, cells were collected in RiboZol reagent for RNA isolation, or fixed with 10% formalin 

for one h and stained with Oil Red O in 60% isopropanol. 

Quantitative PCR 

Cells were collected or tissues were homogenized in RiboZol reagent and processed 

to isolate total RNA, which was reverse-transcribed into cDNA with the iSCRIPT kit 

(BioRad, Hercules, CA). Real-time quantitative PCR (qPCR) was performed on a 

BioRad iCycler with the SsoFast EvaGreen Supermix reagent and protocol (Biorad 

Laboratories Inc., Hercules). Plate setup and analysis were performed as previously 

described (28). 

Western blots 

Tissues were homogenized or cells were lysed in lysis buffer [250 mM sucrose, 20 

mM Tris, 1 mM EDTA, 1.4% Triton X-100, 1× Complete Mini EDTA-free protease 

inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany), 1× phosphatase 

inhibitor cocktail 1, and 1× phosphatase inhibitor cocktail 2 (Sigma, St. Louis, MO)] and 

centrifuged to remove debris. Protein lysates were run on a 3–8% Tris-acetate gel, 

transferred to nitrocellulose membrane, and blotted with primary antibody, followed by 

HRP-conjugated secondary antibody and detection by chemiluminescence (ECL2 kit 

#80196, Thermo Fisher, Rockford, IL). The lipin-1 antibody was a gift of Dr. Maroun Bou 

Kahlil (University of Ottawa, Ottowa, Ontario). The lipin-2 antibody was a gift of Dr. 

Brian Finck (Washington University, St. Louis, MO). The lipin-3 antibody was from 

Lifespan Biosciences (#C37207, Seattle, WA). The β-actin antibody was from Sigma 

(#A1978, St. Louis, MO).  
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Metabolic Characterization 

Mice were fasted for 5 h prior to collection of blood and tissues. Blood glucose was 

measured with a OneTouch Ultra Blood Glucose monitor (LifeScan, Milpitas, CA). 

Plasma lipid levels (triglycerides, free fatty acids, total cholesterol, HDL cholesterol, and 

unesterified cholesterol) were measured as previously (36). Plasma chemistries 

(alanine aminotransferase, aspartate aminotransferase, total bilirubin, albumin, γ-

glutamyl transpeptidase, blood urea nitrogen, inorganic phosphorus, creatine kinase, 

cholesterol, total protein, glucose, and amylase) were measured on an ACE Alera 

automated biochemistry analyzer (Alfa Wassermann, West Caldwell, NJ). 

PAP Activity Assay 

PAP activity was measured in tissue lysates as described (4, 25). Briefly, fresh 

tissue was homogenized in PAP lysis buffer [250 mM sucrose, 2 mM dithiothreitol, 

0.15% Tween-20, phosphatase inhibitor cocktails 2 and 3 (Sigma, St. Louis), 1× 

Complete Mini EDTA-free protease inhibitor cocktail (Roche Diagnostics GmbH, 

Mannheim, Germany)], flash frozen, and stored at –80°C. PAP activity was measured at 

pH 6.5 and 37°C with liposomes containing a 0.6 mM [3H]PA substrate (made from 

[3H]palmitate) with 0.4 mM phosphatidylcholine in 100 mM tris/maleate buffer with 5 mM 

MgCl2, 2 mg/ml fatty acid–poor BSA, and 0.05% Tween-20. The reaction was halted 

with chloroform containing 0.08% olive oil as an acylglycerol carrier, and basic alumina 

was added to remove any PA or [3H]palmitate formed by phospholipase A activity. The 

[3H]DAG product was quantified by scintillation counting. Starting lysate amounts and 

incubation times were optimized to achieve <15% PA consumption, and three different 

protein concentrations per sample were analyzed to ensure linearity of the assay. 

Parallel assays were performed in the presence of the inhibitor NEM (5 mM) to assess 

the contribution of PAP-2 activity, which was then subtracted to obtain lipin PAP activity 

levels. 
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Tissue TAG Analysis 

Triacylglycerol concentration in tissue extracts was determined with a colorimetic 

biochemical assay (L-Type triglyceride M, Wako, Richmond, VA) and normalized to total 

protein concentration. 

Coexpression of lipin-1 and lipin-3 

For coexpression studies, plasmids encoding lipin-1, lipin-3, and/or pcDNA 3.1 

(empty vector) were transfected into HEK293T cells. After 48 hours, cells were collected 

in lysis buffer (1% NP-40 with 1x Complete Mini EDTA-free protease inhibitor cocktail 

and phosphatase inhibitor cocktails 2 and 3) and analyzed by Western blot. 

Correlation of gene expression with adiposity traits in the Hybrid Mouse Diversity 

Panel (HMDP) 

The HMDP strains, phenotypic analyses, and gene-expression profiling have been 

described previously (29, 30). Briefly, 114 inbred and recombinant inbred mouse strains 

(4–6 mice/strain) were assessed at 16 weeks of age for body composition with an 

EchoMRI instrument. Individual fat pats were dissected and weighed, and adipose 

tissue gene expression was evaluated with Affymetrix microarrays (Mouse Genome 

HT_MG430A arrays, Santa Clara, CA). Expression data for Lpin1, Lpin2, Lpin3, and 

Pparg were analyzed for correlation with the adiposity traits shown in Table 1.  

Statistics 

For simple pairwise comparisons, a Student’s t-test was used. For comparisons 

involving multiple genotypes, 2-way ANOVA was used, with Lpin1 genotype (WT or KO) 

and Lpin3 genotype (WT or KO) as the two covariates. For the growth curves (Fig. 

8.4B), linear regression was performed separately for male and female mice, with age, 

Lpin1 genotype, and Lpin3 genotype as the three covariates. For all comparisons, an 

alpha value of 0.05 was used. 
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Table 8.1. Lpin1 and Lpin3 expression levels are correlated with adiposity in mice 
 
Trait Correlation Coefficients 
     
     

 Lpin1 Lpin3 Lpin2 Pparg 
     
Femoral fat pad, raw -0.465 **** -0.398 **** n.s. -0.312 ** 
   (as % body weight) -0.524 **** -0.401 **** n.s. -0.331 ** 
     
Mesenteric fat pad, raw -0.381 *** -0.272 ** n.s. -0.270 ** 
   (as % body weight) -0.360 *** -0.284 ** n.s. -0.269 ** 
     
Gonadal fat pad, raw -0.468 **** -0.263 * n.s. -0.330 ** 
   (as % body weight) -0.461 **** -0.223 * n.s. -0.318 ** 
     
Retroperitoneal fat pad, raw -0.379 **** -0.243 * n.s. -0.279 ** 
   (as % body weight) -0.402 *** -0.239 * n.s. -0.268 ** 
     
Total body fat, raw -0.448 **** -0.322 ** n.s. -0.309 *** 
   (as % body weight) -0.522 **** -0.331 ** n.s. -0.354 ** 
     
Glucose-to-insulin ratio  0.270 **  0.294 ** n.s. n.s. 
     

 
 
 Statistically significant correlation coefficients between gene expression and adiposity or 
metabolic traits are listed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n.s., not significant. 
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Figure 8.1. Lipin-3 is regulated during adipogenesis. qPCR analysis of
gene expression during adipogenesis of (A) the mouse 3T3-L1
preadipocyte cell line and (B) human primary preadipocytes from day 0 to
day 14 after induction by adipogenic cocktail. n = 3 wells/time point.
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Figure 8.2. Generation of Lpin3KO mice and analysis of body weight and
plasma lipids. A, Genetrap vector used to generate the Lpin3KO allele. A β-geo
cassette preceded by a splice acceptor was introduced between exons 3 and 4 of
Lpin3. Resulting transcripts contain Lpin3 exons 1–3 spliced to b-geo, leading to a
fusion protein that lacks PAP activity. B, qPCR amplification of lipin-3 mRNA from
liver and kidney of WT and Lpin3KO mice; n = 4/group. C, Western blot analysis of
lipin protein levels in liver tissue from WT and Lpin3KO mice; n = 3/group. β-actin
serves as a loading control. D–E, Average body weight (BW) of WT and Lpin3KO
mice aged 4–7 months (upper panels, male; lower panels, female) on a chow diet
(D) or over the course of 6 weeks on a high-fat diet (E); n = 5–7/group. F, Average
body weight and plasma total cholesterol (TC), HDL cholesterol, unesterified
cholesterol (UC), triacylglycerol (TAG), and free fatty acid (FFA) levels for female
WT and Lpin3KO mice aged 14–16 months on a chow diet; n = 7/group. All values
represent mean ± SD. *p < 0.05, **p < 0.01 versus WT.
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Figure 8.3. Lpin3KO stromal vascular cells exhibit impaired adipogenesis.
A, Representative brightfield view of reduced lipid accumulation (dark droplets) in
Lpin3KO and WT stromal vascular cells at day 6 after adipogenic induction (see
also Fig. S2). B, qPCR analysis of gene-expression levels of mature adipocyte
genes (Pparg, Fabp4, and Lpin1) and the preadipocyte repressor of
differentiation Dlk1. n = 6–7 replicates/group; **p < 0.01 compared to WT.

Figure 8.4. Lipin-3 is critical for optimal PAP activity. PAP activity levels and
tissue triacylglycerol (TAG) content for tissues in which lipin-1 and lipin-3 are both
determinants of PAP activity and/or TAG content (A, B), or tissue where lipin-1 is
the determinant of PAP activity (C,D). In C, TAG content is unaffected despite a
complete lack of PAP activity in lipin-1–deficient animals. In D, lipin-1 has a
moderate impact on PAP activity but TAG content is unaffected. All values
represent mean ± SD from 4 mice/group at 1 month of age. *p < 0.05; **p < 0.01;
***p < 0.001 by two-way ANOVA. n.d., not detectable.
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Figure 8.5. Lipin-3 affects lipin-1 protein levels. Western blot analysis of
lipin-1 and lipin-3 protein levels from HEK293 cells transfected in triplicate with
lipin-1, lipin-3, and/or pcDNA3.1 (empty vector) plasmids, and immunoblotted
with anti–lipin-1 or anti–lipin-3 antibodies as indicated. β-actin serves as a
loading control.

Figure 8.6. Lipin-3 deficiency exacerbates lipodystrophy in Lpin1KO mice.
A, Gonadal and inguinal (subcutaneous femoral) fat depot size expressed as
percent body weight at 1, 6, and 12 months of age for WT, Lpin3KO, Lpin1KO,
and Lpin1/3KO mice; *p < 0.05, **p < 0.01; N.D., not determined. n =
4–6/group. B, Body weight as a function of age, separated by genotype and
sex.  Dots represent independent data points and lines represent best-fit
regression lines (see Methods). Groups with statistically significant differences
are indicated by brackets in figure legend. **p < 0.01; ***p < 0.001.
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3 was observed in lung and brain, where lipin-1 and lipin-2 contributed
additively to PAP activity.
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Table 8.S1. Primer sequences for qPCR 

 
 Forward (5′ to 3′) Reverse (5′ to 3′) 
Lpin1 CCTTCTATGCTGCTTTTGGGAACC GTGATCGACCACTTCGCAGAGC 
Lpin2 AGTTGACCCCATCACCGTAG CCCAAAGCATCAGACTTGGT 
Lpin3 TGGAATTGGGATGACAAGGT CACTGCAAGTACCCCTTGGT 
Pparg CAAGAGCTGACCCAATGGTTGC CCCCACAGACTCGGCACTCAAT 
Fabp4 GAACCTGGAAGCTTGTCTTCG ACCAGCTTGTCACCATCTCG 
Dlk1 CTGTGTCAATGGAGTCTGCAAG CTACGATCTCACAGAAGTTGC 
Tbp ACCCTTCACCAATGACTGGTATG ATGATGACTGCAGCAAATCGC 
B2m CAGCATGGCTCGCTCGGTGAC CGTAGCAGTTCAGTATGTTCG 
LPIN1 TGCTGGAGAGCAGCAGAACTC TAGGGTATGAGGCTGACTGAG 
LPIN2 CCTCTCCTCAGACCAGATCG GGAGAATCTGTCCCAAAGCA 
LPIN3 ACAGGTAGATGGTGGCCTTG ACAGGTAGATGGTGGCCTTG 
PPARG GAGCCCAAGTTTGAGTTTGC CTGTGAGGACTCAGGGTGGT 
FABP4 AACCTTAGATGGGGGTGTCC ATGCGAACTTCAGTCCAGGT 
DLK1 ACGATGGCCTCTATGAATGC GCAGAAATTGCCTGAGAAGC 
TBP TGAGCCAGAGTTATTTCCTGGT GAGCCATTACGTCGTCTTCC 
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Figure 8.S1. Lpin3KO mice exhibit normal tissue weights. Tissue weights are
shown for the mice illustrated in Figure 2D,F: A, male mice aged 4–7 months; B,
female mice aged 4–7 months; C, female mice aged 14–16 months. n = 5–7/group.
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wild-type Lpin3KO

Figure 8.S2. Lpin3KO stromal vascular cells exhibit impaired adipogenic
capacity. Representative brightfield microscopy on day 6 after inducing WT or
Lpin3KO stromal vascular cells to undergo adipogenesis. Cells with lipid droplet
accumulation appear dark. Each panel is from a different biological replicate.
Additional photos of independent replicates are shown in Fig. 5C.
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ABSTRACT 

Phosphatidate phosphatase (PAP) activity catalyzes the penultimate step of the 

glycerol-3-phosphate pathway: dephosphorylation of phosphatidic acid to form 

diacylglycerol (DAG). This pathway is essential for triacylglycerol (TAG) and 

phospholipid biosynthesis in most tissues. In the intestine, however, it is thought that the 

monoacylglycerol acyltransferase (MGAT) pathway is primarily responsible for TAG 

biosynthesis, converting monoacylglycerol released from dietary lipids into DAG. 

Nevertheless, PAP activity is detectable in the intestine, but the importance of this 

enzymatic function is unclear, and has not been investigated since the identity of PAP 

was discovered to be the lipin protein family. Here, we use single- and double-knockout 

mouse models to show that lipin-2 and lipin-3 play unique roles in intestinal lipid 

homeostasis, but can also partially compensate for the loss of one another. Loss of both 

enzymes results in dramatic intestinal lipid dysregulation that resembles human 

chylomicron retention disease. These studies demonstrate that PAP enzymes are 

essential for maintaining lipid homeostasis in enterocytes, compelling a fresh 

consideration of the glycerol-3-phosphate pathway in intestinal lipid processing.  
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INTRODUCTION 
 

Enterocytes, the absorptive cells lining the intestinal villi, are critical for dietary fat 

absorption and assimilation. Dietary fat—present primarily in the form of triacylglycerol 

(TAG)—must be broken down into fatty acids and/or monoacylglycerol molecules in the 

intestinal lumen before entering the enterocytes (1, 2). Once absorbed, these molecules 

are re-synthesized into TAG, which is packaged into chylomicron particles and released 

from the enterocytes into the circulation through lymphatic ducts (3–5). Additionally, 

lipids absorbed by enterocytes are used as building blocks for structural phospholipids 

and for generation of lipid signaling molecules (such as diacylglycerol) that act locally 

within the enterocyte.  

Two biosynthetic pathways are known for the synthesis of TAG and phospholipids 

from glycerol and fatty acid components—the glycerol-3-phosphate pathway and the 

monoacylglycerol acyltransferase (MGAT) pathway (6, 7). The first steps of the glycerol-

3-phosphate pathway are the acylation of two fatty acid moieties to hydroxyl groups of 

the glycerol-3-phosphate backbone. This is followed by removal of the phosphate group 

by lipin phosphatidate phosphatases (PAP) to produce diacylglycerol (DAG) (8, 9). The 

monoacylglycerol pathway involves the acylation of a fatty acid to monoacylglycerol to 

directly produce DAG, and does not require lipin PAP activity (6, 7). Thus, the pathways 

utilize distinct enzymes to generate DAG, which is subsequently converted to TAG or 

zwitterionic phospholipids. The glycerol-3-phosphate pathway is the dominant TAG 

synthesis pathway in most mammalian tissues (9), and lipins have been shown to play 

critical roles in maintaining TAG homeostasis in several tissues including adipose 

tissue, muscle, liver, and brain (10–15). In intestine, however, the monoacylglycerol 
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pathway is thought to be the chief route to TAG resynthesis, due to an abundance of 

monoacylglycerol released from dietary lipids, and high levels of MGAT enzyme activity 

in the intestine (16–19). Studies of an MGAT2-deficient mouse model support a critical 

role for this pathway in intestinal dietary lipid assimilation (20, 21). Nevertheless, as 

early as half a century ago, investigators detected significant levels of magnesium-

dependent PAP activity in the intestinal mucosa from multiple animal species (22–29). It 

was speculated that PAP activity has a critical role in phospholipid synthesis for 

mucosal cell proliferation, whereas MGAT activity is more critical for TAG synthesis for 

incorporation into chylomicrons (27). However, no direct evidence was offered to 

support this hypothesis, and the role of intestinal PAP activity has not been revisited 

since discovery of the lipin protein family.  

Based on mRNA expression patterns in small intestine, lipin-2 and lipin-3 are the 

most likely candidates for PAP activity in enterocytes (30). Of tissues that have been 

surveyed, lipin-3 is most prominently expressed in mouse and human small intestine.  

Lipin-2 mRNA is also expressed at significant levels in intestine, reaching about 25-35% 

of its expression levels in liver and brain, where lipin-2 is an important PAP enzyme (13, 

30). By contrast, intestinal lipin-1 expression is minimal, and is dwarfed by other tissues 

in which lipin-1 has been shown to have critical physiological roles (30). Here we 

investigated the role of lipin-2 and lipin-3 in the intestine using mouse models deficient 

in lipin-2, lipin-3, or both lipins in combination. We discovered that lipin-2 and lipin-3 

normally play distinct roles in intestinal lipid homeostasis, but loss of either lipin is 

partially compensated by the other. However, loss of both lipin-2 and lipin-3 leads to a 

dramatic defect in intestinal lipid metabolism that resembles chylomicron retention 

157



disease in humans. Furthermore, loss of lipin-2 and lipin-3 leads to rapid wasting in 

combination with a high fat diet. Together, these results establish that lipin function and 

the glycerol-3-phosphate pathway are critical for intestinal lipid metabolism. 
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RESULTS 
 

Lpin2/3KO mice exhibit reduced viability, small body size, and increased 

intestinal circumference. Lpin2–/–/Lpin3–/– double knockout (Lpin2/3KO) animals were 

produced by breeding mice carrying the Lpin2KO and Lpin3KO alleles previously 

generated by our group ((13), Chapter 8). In studies described herein, we compared 

Lpin2/3KO mice to wild-type (WT), Lpin2KO, and Lpin3KO littermates. The double 

knockout mice were born at about 25% of the expected Mendelian frequency ( χ2 (1, N 

= 349) = 29.39, p = 5.93 x 10-8), indicating a high rate of embryonic lethality. During the 

neonatal period, Lpin2/3KO mice were not identifiable by appearance; however, soon 

after weaning, double KO animals were distinguished by their 50% reduced body weight 

compared to other genotypes (Fig. 9.1A,B). Lpin2/3KO body weight remained 

significantly lower than littermates as mice aged (Fig. 9.1B,C). The reduced Lpin2/3KO 

body weight was associated with altered body composition: Lpin2/3KO mice had 

significantly reduced percent fat mass and increased liver size as percent body weight 

(Fig. 9.1D, S1). Notably, the small intestine appeared enlarged, and intestinal 

circumference was increased 40% uniquely in the Lpin2/3KO (Fig. 9.1D). Intestinal 

length was not different among the genotypes (Fig. 9.1D). 

The presence of lipin-2 or lipin-3 is required for normal intestinal lipid 

homeostasis. Lipin-2 and lipin-3 proteins were present in the mouse small intestinal 

mucosa, but lipin-1 was undetectable (Fig. 9.2A). Nutritional status did not affect lipin 

levels, which were similar in mice that had been fasted or refed with chow or high fat 

diets. LPIN2 and LPIN3 were also expressed in a human intestinal cell line (Caco-2), 

and interestingly, LPIN3 expression was induced during Caco-2 cell differentiation, 
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when the cells assume morphological and biochemical characteristics of intestinal 

enterocytes (Fig. 9.2B) (31, 32).  

Lpin2KO, Lpin3KO, and Lpin2/3KO mice each had ~50% of PAP activity levels 

present in WT mouse intestine (Fig. 9.2C). To test the hypothesis raised by previous 

investigators (27) that PAP activity is critical for intestinal phospholipid synthesis, we 

quantitated phospholipid species by mass spectrometry. Several phospholipid species 

(phosphatidylethanolamine, phosphatidylserine, lysophosphatidylcholine and 

cardiolipin) were significantly less abundant in Lpin2KO and Lpin2/3KO intestine, 

indicating that the effect is due to lipin-2 deficiency (Fig. 9.2D). Lipin-3 deficiency had no 

effect on phospholipid levels.  

Histological analysis revealed that the enlarged intestinal circumference of 

Lpin2/3KO mice is associated with hyperplastic villi (Fig. 9.3D). Furthermore, the 

enterocytes at the tips of villi are engorged with neutral lipid droplets (Fig. 9.3D,H), 

which were identified biochemically as TAG [(60.5 ± 12.1 mg TAG/mg protein vs. 34.9 ± 

2.6 mg TAG/mg protein in wild-type; p < 0.023); cholesterol levels were normal (5.1 ± 

0.37 mg cholesterol/mg protein vs. 4.59 ± 0.81 mg cholesterol/mg protein in wild-type)]. 

Lipid accumulation in Lpin2/3KO enterocytes was apparent even in the fasted state, and 

was most prevalent in the proximal small intestine. Electron microscopy (EM) revealed 

that the large lipid droplets are present in the cytosol of enterocytes (Fig. 9.3L, 9.S2A). 

EM also revealed osmophilic droplets within mitochondria of Lpin2/3KO mice, both in 

the fasted (Fig. 9.3P) and fed (9.S3A,B) states. The same mitochondrial abnormalities 

were present in the intestine of Lpin2KO mice (Fig. 9.3N, 9.S3A,B), so it is doubtful that 

they are related to the accumulation of cytosolic lipid droplets in Lpin2/3KO mice. 
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Visualization of these mitochondrial droplets using an alternative high-pressure freezing 

protocol confirmed the droplets are not an artifact of sample preparation (Fig. 9.S3C). 

The droplets were not seen in liver or cerebellum tissue (data not shown). 

Lpin2/3KO intestine exhibits abnormal chylomicron assembly. Since we 

observed large lipid droplets in Lpin2/3KO enterocytes that persist during fasting, we 

hypothesized that Lpin2/3KO mice have a defect in chylomicron assembly and/or 

secretion. To investigate, we administered an intragastric corn oil bolus and assessed 

processing of dietary lipids within enterocytes 2 hours later. EM images from WT and 

single KO mice showed lipids undergoing the expected stages of chylomicron 

processing. Abundant small lipid droplets were present and were surrounded by 

membranes, presumably originating from the endoplasmic reticulum or Golgi; in these 

normal droplets, a variable amount of electron-lucent space is visible between the lipid 

droplet and the surrounding membrane. (Fig. 9.4A-C, E-G). By contrast, many lipid 

droplets in enterocytes of Lpin2/3KO mice were abnormal: they appeared to be either 

“naked” without a peripheral membrane, or the membrane is so tightly enclosing the 

lipid droplet that no space between them is visible (Fig. 9.4D, 9.4H, and 9.5A,B). 

Lpin2/3KO enterocytes also contained unexpected abnormal membranous structures, 

which appeared as stacks or “whorls” (Fig. 9.4D, 9.5A-C). In some cases, the 

membranes surrounded lipid droplets (arrowhead in Fig. 9.4D). These membrane 

stacks were most abundant in Lpin2/3KO enterocytes in the fed state, but were also 

observed in fasted mice (Fig. 9.5D).  

The final step of chylomicron processing in enterocytes—the release of chylomicron 

particles into the intercellular space—was readily observed in WT and single KO 
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intestine (Fig. 9.4I-K). In careful examination of intestinal samples from Lpin2/3KO mice, 

however, we failed to detect evidence of particle release into the intercellular space, and 

junctions between enterocytes remained intact (Fig. 9.4L). These observations are 

consistent with a requirement for the presence of either lipin-2 or lipin-3 for normal lipid 

assimilation into chylomicrons.  

Lipin-2 and lipin-3 are each important for normal lipid absorption in the gut. 

The aberrant chylomicron processing observed in Lpin2/3KO intestine suggests that 

impaired nutrient assimilation may contribute to the reduced body weight and fat accrual 

in these animals (Fig. 9.1). We found that absolute daily food intake and fecal output 

were reduced in mice lacking lipin-3 (Lpin3KO and Lpin2/3KO) (Fig. 9.6A,B). The 

reduction in food intake was proportional to the reduction in fecal output, such that the 

ratio of food to feces remained unchanged (Fig. 9.6B). Levels of Vitamin D, a fat-soluble 

nutrient, were also slightly reduced in both strains of mice that lacked lipin-3 (Fig. 9.6C). 

Analysis of fecal composition revealed that feces from lipin-3–deficient mice had 

reduced TAG content (Fig. 9.6D). Interestingly, however, the cholesterol content of 

feces was strikingly increased in Lpin2/3KO mice compared to all other genotypes (Fig. 

9.6D). We measured plasma lipids and observed that HDL levels were reduced in 

Lpin2/3KO mice (Fig. 9.6E). Total cholesterol and unesterified cholesterol levels 

followed the same pattern but failed to reach statistical significance. Expression of 

genes related to cholesterol synthesis and uptake in the liver were unchanged, as were 

intestinal cholesterol transport genes Abcg5, Abcg8, and Npc1l1 (Fig. 9.S4). We also 

observed reduced plasma TAG attributable to lipin-2 and lipin-3 deficiencies, as well as 

reduced free fatty acids in lipin-2–deficient mice. The reduced cholesterol absorption, 
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together with the accumulation of TAG droplets and aberrant lipid processing within 

enterocytes, implicates impaired nutrient assimilation in the reduced body weight and fat 

content of Lpin2/3KO mice.  

Given that compound lipin-2/3 deficiency results in lipid malabsorption and TAG 

accumulation within enterocytes, we suspected that the phenotype of Lpin2/3KO mice 

would be exacerbated by a high fat diet. We fed adult mice a high fat/high carbohydrate 

diet. Within one week, Lpin2/3KO mice had lost more than 15% of their body weight 

(Fig. 9.S4), necessitating that we discontinue the study. Low fasting glucose levels as 

well as greatly reduced fat mass indicated wasting of the Lpin2/3KO mice on the high 

fat diet. This result further suggests that these animals experience fat malabsorption, 

leading to failure to thrive on a fat enriched diet.  
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DISCUSSION 
 

Dogma holds that most TAG synthesis within intestinal enterocytes involves the 

monoacylglycerol pathway (16–19). However, our analyses of mice that lack the lipin-2 

and lipin-3 PAP enzymes have revealed that the glycerol phosphate pathway plays a 

critical and non-redundant role in lipid metabolism in the gut. Mice with single gene 

deletions in Lpin2 or Lpin3 had normal body weight and exhibited no gross intestinal 

abnormalities. However, deficiency for both lipins resulted in a striking phenotype that 

was unique to the double KO, and included reduced body weight and adiposity, 

hyperplastic intestine, dietary fat malabsorption, and accumulation of massive TAG 

droplets within enterocytes.  

Our study design, which generates both single and double lipin-2 and lipin-3 KO 

mice from a single cross, allowed us to attribute specific roles in intestinal lipid 

homeostasis to lipin-2 and lipin-3, as well as to determine the compound effect that 

occurs when neither protein is present (Table 9.1). Importantly, lipin-2– and lipin-3–

deficient mice alike exhibited a ~50% reduction in intestinal PAP activity, but many 

phenotypes were unique to either lipin-2 or lipin-3 deficiency. These phenotypes are 

especially informative for determining the unique contributions of each lipin to intestinal 

lipid homeostasis.  

Lack of lipin-2 function led to reduced intestinal phospholipid levels, mitochondrial 

inclusions resembling lipid droplets, and reduced plasma free fatty acid levels. The 

reduced abundance of phospholipid species is particularly interesting in light of the 

hypothesis put forth by previous investigators (27) that in intestine, PAP and the 

glycerol-3-phosphate pathway are important for phospholipid synthesis while the MGAT 
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pathway dominates triglyceride synthesis. In our study, lipin-2 (but not lipin-3) deficiency 

was associated with reduced levels of PE, PS, CL, and LYPC, suggesting that the 

synthesis of these phospholipids may be dependent on lipin-2. The mitochondrial 

droplets are osmophilic, suggesting a lipid composition, but further investigation is 

required to determine the identity and functional consequence of these inclusions. 

Lipin-3 deficiency, on the other hand, is associated with reduced food intake, 

enhanced TAG retention from the diet, and reduced plasma 25(OH) Vitamin D. These 

phenotypes suggest that lipin-3 plays an important role in the absorption and 

assimilation of dietary lipids, processes for which the importance of PAP enzymes and 

the glycerol-3-phosphate pathway has been unclear. Reduced food intake is particularly 

interesting, as it begs the question of whether lipin-3 plays some role in satiety signaling 

pathways, whether from the intestine or elsewhere. Reduced fecal TAG content 

suggests that Lpin3KO mice retain more TAG from the diet. It is unclear, however, 

whether the additional TAG becomes properly assimilated into the body. In fact, 

reduced plasma levels of 25(OH) Vitamin D, a lipid-soluble vitamin, are consistent with 

impaired dietary lipid absorption in Lpin3KO mice.  

Several phenotypes were unique to the Lpin2/3KO mice: abnormal lipid processing, 

severe TAG accumulation in enterocytes, reduced cholesterol retention from the diet, 

reduced plasma HDL, and reduced fat mass and body weight. These phenotypes likely 

result not only from the combined abnormalities seen in Lpin2KO and Lpin3KO mice 

(Table 9.1), but also from the loss of additional lipin-2 and/or lipin-3 functions that are 

compensated in the single KO models.  
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The dramatic lipid dysregulation seen in Lpin2/3KO mice shares some features with 

mice lacking the ability to synthesize apo B in the intestine (33). This mouse is a model 

for human hypobetalipoproteinemia disorders, which include abetalipoproteinemia, 

familial hypobetalipoproteinemia, and chylomicron retention disease. These related 

disorders are caused by mutations in a host of genes—APOB, MTTP, SAR1B, PCSK9, 

ANGPTL3, and others—whose products play important roles in chylomicron synthesis 

and secretion (34–37).  

Similar to what we observed in Lpin2/3KO mice, these mice exhibit an enlarged 

intestine resulting from lipid accumulation in enterocytes. Furthermore, EM analyses of 

these mice revealed a striking resemblance to Lpin2/3KO enterocytes, in the absence of 

normal pre-chylomicron lipid droplets surrounded by a membranous secretory vesicle 

during dietary lipid processing. It is difficult to tell whether the abnormal lipid droplets 

observed in the Lpin2/3KO mice and intestine-specific apo B–deficient mice and in 

Lpin2/3KO mice are truly “naked” without a membrane encasement, or whether the 

membrane is simply so tightly wrapped around the lipid droplet that no space is visible. 

In wild-type, Lpin2KO and Lpin3KO mice, some electron-lucent space was always 

visible between the lipid droplet(s) and the vesicle membrane. Young et al. postulated 

that the abnormal droplets in apo B–deficient mice were surrounded by a single rather 

than the normal double vesicle membrane (33) and pointed out that this phenotype was 

also observed in EM analysis of a human patient with abetalipoproteinemia (38).  

Lpin2/3KO mice also exhibited large stacks or “whorls” of membranous structures, 

which could be empty Golgi stacks that would normally be filled with pre-chylomicron 

particles in mice. Apo B–deficient mice also exhibited empty Golgi stacks, though they 
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were more extensive in Lpin2/3KO mice. Finally, the endpoint of chylomicron 

processing in the enterocyte, namely the release of chylomicrons from the cell into the 

intercellular space, was conspicuously absent in EM analyses of both Lpin2/3KO and 

intestine-specific apo B–deficient mice. Tracing the postprandial appearance of 

chylomicrons (or lack thereof) in the plasma will help to determine the level of impaired 

chylomicron secretion in Lpin2/3KO mice. 

Lpin2/3KO mice also exhibited dramatically increased fecal cholesterol content and 

modestly reduced plasma HDL (specific to the double KO) and low fat-soluble Vitamin D 

levels in the plasma (observed in all lipin-3–deficient mice), indicating an impairment in 

fat and cholesterol absorption. Cholesterol synthesis gene expression in the liver was 

not upregulated, nor was cholesterol transport gene expression in the intestine altered. 

Similarly, mice lacking apo B in the intestine also exhibited a nearly complete lack of fat 

and cholesterol absorption (33). Evidence of a compensatory increase in cholesterol 

synthesis was observed, in addition to dramatically reduced plasma levels of HDL (but 

not triglycerides or other lipoproteins) and fat-soluble Vitamin A. These mice also ate 

more and produced more feces, perhaps in an attempt to compensate for the poor lipid 

absorption. In contrast, lipin-3 deficiency was associated with reduced food intake and 

fecal output. Thus, the dramatic intestinal dysregulation in Lpin2/3KO mice is likely a 

complex phenotype resulting from the combined loss of functions provided by lipin-2 

and lipin-3. However, the overall similarity of the Lpin2/3KO phenotypic profile to that of 

intestinal-specific apo B–deficiency and human hypobetalipoproteinemias suggests a 

related underlying mechanism. One intriguing possibility is that human 

hypobetalipoproteinemia cases with unidentified genetic causes may involve mutations 
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in LPIN2 and/or LPIN3. Additional studies will be necessary to tease apart the complex 

relationship between lipin-2, lipin-3, and lipid homeostasis in the intestine. An 

enterocyte-specific Lpin2/3KO mouse would be particularly insightful for separating the 

local roles of lipin-2 and lipin-3 in the intestine from roles elsewhere in the body, which 

may also contribute to the lipid processing abnormalities in our global Lpin2/3KO mice. 

Our results indicate that the lack of lipin-2/3 synthesis does not interfere with the 

formation of cytosolic lipid droplets, but may interfere with the ability of intestinal cells to 

secrete chylomicrons. One obvious possibility is that the monoacylglycerol pathway 

plays the predominant role in the formation of cytosolic lipid droplets, while PAP 

enzymes and the glycerol phosphate pathway play an important role in the formation of 

TAGs for secretion. A rigorous test of this hypothesis will required breeding Lpin2/3KO 

mice that also lack MGAT2. We suspect that these mice would have a near-complete 

absence of cytosolic lipid droplets and an even more severe depletion of TAG droplets 

within the secretory pathway.  

An important question for future studies is: how do lipin-2 and -3 influence the 

formation and secretion of chylomicrons? The formation of TAG-rich lipoproteins in the 

intestine and liver is thought to involve the formation of small, dense apo-B–containing 

lipoproteins (too small to visualize by EM) that fuse with TAG droplets within the ER 

(reviewed in (3, 5, 39)). A possible role for lipin-2/3 is the synthesis of TAG within the 

ER that ultimately fuses with the small apo-B–containing prechylomicrons. Another way 

that lipins could potentially affect lipoprotein secretion would be to limit the 

phospholipids required for formation of membrane “buds” that are thought to generate 

transport vesicles from the Golgi apparatus. In HeLa cells, the DAG produced by PAP 
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activity is required for the formation of membrane buds and for vesicles and tubules 

from Golgi membranes (40). Subcellular localization of lipins may also be a key factor in 

understanding their intestinal functions. Though production of TAG and phospholipids 

may not be impaired in and of itself, it is possible that these chylomicron building blocks 

are not being produced in the right subcellular milieu when one or more lipins are 

missing. This would also explain why our intestinal PAP measurements show no further 

reduction in Lpin2/3KO PAP activity compared to the single KO mice: in vitro PAP 

activity may not fully reflect a more complex physiological reality. A refined PAP assay 

recently developed by Thurl Harris’s group, which distinguishes differences in activity 

due to lipin phosphorylation, may be helpful in assessing nuances contributing to 

physiologically relevant PAP activity (41). 

What is clear from these studies is that lipin-2 and lipin-3 PAP enzymes are 

essential contributors to lipid homeostasis in the intestine. Long thought to be a 

secondary player to the MGAT pathway, PAP and the glycerol-3-phosphate pathway 

may be much more important in intestinal lipid processing than previously recognized, 

and deserve fresh consideration. 
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METHODS 
 
Animal Studies 

Mice carrying the Lpin2KO allele (described in (13)) were crossed with mice carrying 

the Lpin3KO allele (described in Csaki et al.2013) to obtain double heterozygous 

Lpin2+/–Lpin3+/– animals. These mice were then intercrossed to produce double 

knockout Lpin2–/–Lpin3–/– (Lpin2/3KO) mice as well as wild type and both single 

knockout control littermates.  

Mice were group housed in a 12-hour light/dark cycle and fed a laboratory chow diet 

composed of 4.5% fat and 50% carbohydrate by weight (Lab Diet, Purina 50010, St. 

Louis, MO). For the high fat diet study, mice were fed a 35%fat/33% carbohydrate diet 

for 6 days (Diet F3282, BioServ, Frenchtown, NJ). For the food intake and fecal output 

study, mice were singly housed. After an acclimation period of one week, food intake 

and fecal output was measured daily for one week. Each day, the mouse was 

transferred to a clean cage with a premeasured amount of food. The next day, 

remaining food (including crumbs in bedding) was weighed and subtracted to determine 

food intake. Feces were also carefully separated from bedding and weighed. Body 

weight was measured at the beginning of the study. 

Whole-body fat mass and lean tissue mass of live mice was measured with an Echo 

MRI-3in1 instrument (EchoMRI, Houston, TX). 

All animal studies were performed according to protocols approved by the UCLA 

Animal Research Committee. 
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Western Blots 
 

Intestine was gently homogenized in an Eppendorf tube with a plastic pestle in lysis 

buffer [250 mM sucrose, 20 mM Tris, 1 mM EDTA, 1.4% Triton X-100, 5× Complete 

Mini EDTA-free protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, 

Germany), 1× phosphatase inhibitor cocktail 1, and 1× phosphatase inhibitor cocktail 2 

(Sigma, St. Louis, MO)] to separate the mucosa from the muscular layer. The samples 

were then centrifuged to remove the muscular layer and debris. Western blot analysis 

and antibodies are described in Chapter 8. 

Quantitative PCR 

Tissues were homogenized or cells were collected in RiboZol (Amresco, Solon, OH) 

and RNA was extracted according to the manufacturer’s instructions. Briefly, chloroform 

was added (200 uL per 1 mL RiboZol) and the sample was vortexed and centrifuged to 

separate the aqueous layer containing RNA. The RNA in this layer was precipitated with 

500 uL isopropanol, washed with 1 mL 75% ethanol, dried, and resuspended in 

nuclease-free water. 1 ug of RNA was transcribed into cDNA with the iSCRIPT kit 

(Biorad Laboratories Inc., Hercules, CA), and real-time quantitative PCR was performed 

on a BioRad iCycler with the SsoFast EvaGreen Supermix reagent and protocol. Plate 

setup and analysis were performed as previously described (11). Hprt gene expression 

was used for normalization. Primer sequences for qPCR are shown in Table 9.S1. 

PAP activity  

Freshly dissected intestine was cut open lengthwise, laid flat, and scraped with a 

thin glass cover slip to remove the mucosa from the muscular layer. The mucosa was 
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immediately homogenized in PAP buffer and frozen in liquid nitrogen, and PAP activity 

was measured as described in Chapter 8. 

Lipid Analyses 

For analysis of phospholipids (cardiolipin, lysophosphatidylcholine, 

phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine), lipids from 

plasma and tissues were extracted in the presence of authentic internal standards by 

the method of Folch et al. (42) using chloroform:methanol (2:1 v/v). Individual 

phospholipid classes within each extract were separated by liquid chromatography 

(model 1100, Agilent Technologies, Santa Clara, CA). Each lipid class was trans 

esterified in 1% sulfuric acid in methanol in a sealed vial under a nitrogen atmosphere at 

100°C for 45 min. The resulting fatty acid methyl esters were extracted from the mixture 

with hexane containing 0.05% butylated hydroxytoluene and prepared for gas 

chromatography by sealing the hexane extracts under nitrogen. Fatty acid methyl esters 

were separated and quantified by capillary gas chromatography (model 6890, Agilent 

Technologies) equipped with a 30 m DB 88 capillary column (Agilent Technologies) and 

a flame ionization detector. 

For biochemical lipid quantification, lipids were extracted from crude tissue or fecal 

extracts by a modification of the Bligh and Dyer method (43). Briefly, samples were 

vortexed thoroughly in a 2:1 chloroform:methanol mixture containing 0.01% BHT, and 

centrifuged to separate the phases. The chloroform (bottom) phase containing lipids 

was removed and saved, and an additional chloroform extraction was performed on the 

aqueous phase. The combined chloroform phases were dried down under nitrogen gas, 

and the dried lipids resuspended in 100 ul chloroform. For fecal lipids, feces were dried 
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down overnight at 370C before extracting lipids as described above for tissue. For 

biochemical analysis, aliquots of lipids in chloroform were dried down, resuspended in 

2% Triton and analyzed with Wako colorimetric assays for triglycerides (L-Type TG M) 

and total cholesterol (Cholesterol E) (Wako Diagnostics, Richmond, VA), as adapted 

from (44). 

Histology 

For basic histology, tissues were fixed in 10% formalin and embedded in paraffin 

blocks for sectioning. Sections were stained with hematoxylin and eosin (H&E) for 

visualization of tissue morphology. To measure intestinal circumference, a cross-

sectional cut was made, stained with H&E, and photographed at low magnification to 

visualize the entire cross-section in one field. The circumference, not including the 

muscle layer, was traced and quantified using ImageJ (National Institutes of Health, 

Bethesda, MD). For Oil Red O staining, fresh tissues were quickly frozen in Tissue-Tek 

O.C.T. compound (Sakura Finetek, Torrance, CA) on dry ice and sectioned on a 

cryostat. Sections were stained with Oil Red O in 60% isopropanol, counterstained with 

Meyer’s Hematoxylin, and blued with ammonia water. 

Electron Microscopy 

All mice were fasted for 5 h. The fasted group were perfused at this point, and the 

refed group were given a 100 µl bolus of corn oil by oral gavage and allowed to digest 

for 2 h before perfusion. For standard EM preparation, mice were sacrificed and 

perfused through the heart with PBS followed by a fixative of 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 4ºC. The fixed tissues 
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were incubated with 1% osmium tetroxide for 1 h at room temperature, washed with 

distilled water, and incubated with 2% uranyl acetate overnight at 4ºC in the dark. 

Tissues were rinsed with distilled water, dehydrated by serial incubations with 20%, 

30%, 50%, 70%, and 100% acetone for 30 min each, and infiltrated with Spurr’s resin. 

To polymerize the resin, tissues were incubated in fresh Spurr’s resin overnight at 70ºC.  

For high-pressure freezing EM preparation, a 1um biopsy punch of intestine was 

placed in ice cold PBS and cut into samples less than 200 nm in size. The samples 

were put into a freezer hat with the cryoprotectant 1 hexadecane and fired into the high 

pressure freezer (EMPACT 2, Leica) at 2 kbar and a decrease in temperature of 

20,000ºC/sec. Samples in the freezer hats were then placed in a tube containing 1 % 

osmium tetroxide and 0.1% uranyl acetate in acetone at -90ºC in a freeze substitution 

unit (Leica). The samples were kept at -90ºC for 72 hours and then warmed up to -20ºC 

over 12 hours before being held at -20ºC for 24 hours. The sample was then placed on 

ice for 1 hour before being washed 5 times in acetone at 1 minute intervals. The sample 

was then left in acetone for 30 minutes and then warmed to room temperature before 

being washed again in acetone. The sample was then infiltrated with increasing 

concentrations of Spurrs resin (25%, 50%, 75% and 100% for 1 hour each with rocking) 

and then finally placed in fresh 100% Spurs resin and incubated at 70ºC and 

polymerized in an oven overnight.  

After standard or high-pressure freezing preparation, tissue sections (50 nm-thick) 

were prepared with a Diatome diamond knife and a Leica UCT Ultramicrotome, placed 

on 200 mesh copper grids, and stained with Reynolds lead citrate for 5 min. Images 

were captured using a 100CX JEOL electron microscope at 80 kV. 
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Plasma Analyses 

Plasma lipids, comprising triglyceride, free fatty acids, total cholesterol, HDL 

cholesterol, and unesterified cholesterol, were quantified by the UCLA Lipid Core as 

previously described (45). Plasma 25(OH) Vitamin D levels were measured by 

radioimmunoassay at Heartland Assays (Ames, Iowa) as previously described (46).  

Statistics 

The observed births of Lpin2/3KO mice were compared with the expected number 

(according to Mendelian inheritance) by a Chi-squared test. All comparisons between 

the four genotypes (WT, Lpin2KO, Lpin3KO, Lpin2/3KO) were performed in two ways: 

First, a single pairwise t-test between Lpin2/3KO and the three control genotypes 

(grouped together) was used to test our null hypothesis that the double knockout 

animals would be different from both the wild-type and single knockout animals. 

Second, a two-way ANOVA was performed to look for underlying contributions from 

either lipin-2 deficiency, lipin-3 deficiency, or both. The two categories tested in the 

ANOVA then, were Lpin2 genotype (wild type or knockout) and Lpin3 genotype (wild 

type or knockout).  
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Table 9.1 Phenotypes Attributable to Lipin-2 Deficiency, Lipin-3 Deficiency, or 
Lipin-2/3 Double Deficiency. 
 
 
Phenotype 

 
Lpin2KO 

 
Lpin3KO 

 
Lpin2/3KO 

    

Reduced intestinal PE, PS, CL, LYPC X  X 
Mitochondrial (lipid) inclusions X  X 
Reduced plasma FFA X  X 
Reduced PAP activity X X X 
Reduced plasma TAG X X X 
Reduced food intake  X X 
Enhanced TAG retention from diet  X X 
Reduced plasma 25(OH) Vitamin D  X X 
    

Abnormal intestinal lipid processing   X 
Severe TAG accumulation within enterocytes   X 
Reduced cholesterol retention from diet   X 
Reduced plasma HDL   X 
Reduced fat mass and body weight   X 
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Figure 9.1. Lpin2/3KO mice exhibit low body weight and fat mass and increased 
intestinal circumference. A, Lpin2/3KO mouse pictured next to wild-type littermate at 
24 days of age. B, Body weights of WT, Lpin2KO, Lpin3KO, and Lpin2/3KO mice at 22 
days and 5 months of age. At 22 days, the Lpin2/3KO mice are half the size of the 
control mice. By 5 months, the difference has narrowed but Lpin2/3KO mice are still 
significantly smaller. **p<0.01 ***p<0.001, Lpin2/3KO compared to three control groups. 
C, Growth chart showing body weight versus age for Lpin2/3KO and WT mice. D, 
Percent fat mass and relative intestinal circumference (3.5 months) and raw and 
normalized intestinal length (18 months) for WT, Lpin2KO, Lpin3KO, and Lpin2/3KO 
mice age 3.5 months. n = 4-6 per group, *p<0.05 **p<0.01, Lpin2/3KO compared to 
three control groups. 
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Figure 9.2. Lipin-2 and lipin-3 are important intestinal PAP enzymes. A,
Western blot analysis of lipin-1, lipin-2, and lipin-3 protein levels in wild-type
intestine under fasted, refed (chow diet) or refed (high fat diet) conditions.
Tubulin was used as a loading control, and recombinant lipin proteins
harvested from 293 cells were used as positive controls. Lanes with poor
sample quality have been spliced out. B, mRNA levels of Lpin3, Lpin2, and
Asbt in differentiating Caco-2 intestinal cells. C, PAP enzyme activity in WT,
Lpin2KO, Lpin3KO, and Lpin2/3KO intestine, ** p < 0.01. D, Mass
spectrometry analysis of phospholipid content by type in WT, Lpin3KO,
Lpin2KO, and Lpin2/3KO intestine. PE, phosphatidylethanolamine; PS,
phosphatidylserine; CL, cardiolipin; LYPC, lysophosphatidylcholine; PC,
phosphatidylcholine. n = 4-5 per group. § Lpin2 p < 0.05, between Lpin2
genotypes (WT and KO) in two-way ANOVA.
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Figure 9.3. Lpin2/3KO mice exhibit a dramatic accumulation of lipid in the
enterocytes. A-D, Light microscopy analysis (200x magnification) of fasted
intestinal paraffin-embedded sections stained with hematoxylin and eosin. E-H,
Light microscopy analysis (200x magnification) of fasted intestinal OCT-
embedded frozen sections stained with Oil Red O. I-P, EM analysis of fasted
intestinal resin-embedded sections stained with osmium tetroxide (lipids stain
black).

Figure 9.4. Lpin2/3KO enterocytes exhibit impaired chylomicron
synthesis. A-D, EM analysis of enterocytes, 2 hours after refeeding by corn oil
gavage to observe lipid processing. WT, Lpin2KO, and Lpin3KO animals
exhibit lipid droplets surrounded by a membrane, structures consistent with
normal lipid processing in the enterocyte (A-C). In Lpin2/3KO animals, a large
proportion of lipid droplets appear abnormal, with either no surrounding
membrane or one so tightly enclosing the lipid droplet that no space between
them is visible (D), and whorled membrane structures are found, sometimes
surrounding lipids droplets (D, arrowhead). E-H, High-magnification EM images
of membrane-bound lipid droplets in WT, Lpin2KO, and Lpin3KO animals (E-
G), or a “naked” lipid droplet from Lpin2/3KO intestine (H). I-L, EM analysis of
the final release of mature chylomicrons from enterocytes into the intercellular
space, which is readily observable in WT, Lpin2KO, and Lpin3KO intestine (I-
K), but not Lpin2/3KO intestine, where junctions between cells remain tightly
zipped and no chylomicron release is observable (L).
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Figure 9.4
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Figure 9.5. Lpin2/3KO intestine exhibits abnormal membrane structures.
Stacks or “whorls” of membranes, unique to Lpin2/3KO, were abundant in the
refed state (A-C) but were also observed in the fasted state (D). Panel A is an
expanded view of Fig. 9.4D.

Figure 9.6. Lipin-3 deficiency results in altered nutrient processing. A,
Average daily food intake by weight (raw, left panel, and normalized to body
weight, right panel) for WT, Lpin2KO, Lpin3KO, and Lpin2/3KO mice. n = 5-6
per group. B, Average daily fecal output by weight (raw, left panel, and
normalized to food intake, right panel) of WT, Lpin2KO, Lpin3KO, and
Lpin2/3KO mice. n = 5-6 per group. C, Plasma 25(OH) Vitamin D levels for
WT, Lpin2KO, Lpin3KO, and Lpin2/3KO mice. n = 4-5 per group. D, Fecal
triglyceride (TG), free fatty acid (FFA), and total cholesterol (TC) content for
WT, Lpin2KO, Lpin3KO, and Lpin2/3KO mice. n = 5 per group. E, Fasting
plasma TC, HDL cholesterol, unesterified cholesterol (UC), TAG, and FFA
levels for WT, Lpin3KO, Lpin2KO, and Lpin2/3KO mice. n = 4-5 per group. §
Lpin2, § Lpin3 p < 0.05, between Lpin2 or Lpin3 genotypes (WT and KO) in
two-way ANOVA. *** p < 0.001, compared to control genotypes.
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Figure 9.6
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Table 9.S1. Primer sequences for qPCR 

 Forward (5′ to 3′) Reverse (5′ to 3′) 
Lpin2 AGTTGACCCCATCACCGTAG CCCAAAGCATCAGACTTGGT 
Lpin3 TGGAATTGGGATGACAAGGT CACTGCAAGTACCCCTTGGT 
Asbt ATGTGGGTTGACTCGGGAAC TCCAATCACAGCTATGAGCAC 
Srebf2 AGCCAAGGAGAGCCTGTACTG GAGAGCGCACAGCTGCATCG 
Hmgcs GACACACATCACTTAGCCAACT CGAGGTTGCAGGGAGTCTTG 
Hmgcr ATGCCTTGTGATTGGAGTTGG TGGACGACCCTCACGGCTTTC 
Ldlr CTTCTCCTTGGCCATCTATGAGG CATTGGGGAGGAGGGCTGTTGT 
Mvk TGACCAAGTTCCCTGAGATTG CTTGCTCTAGACCTGGCTTC 
Abcg5 CTGCTCAGCATCTCTGGGCTG AGGTGTTGGATCCACCACAAG 
Abcg8 GCGGACTTCTACGTGGACTTG TCAGTGTCCTGTGTGAGGGTC 
Npc1l1 GCAGTGCGGTGTTTGCTGGA TAGTTTCTCCTCCAGTACCAG 
Hprt CACAGCACTAGAACACCTGC GCTGGTGAAAAGGACCTCT 
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Figure 9.S1. Characterization of Lpin2/3KO mice. Body weight, plasma
glucose, and relative liver and kidney weights for group of WT, Lpin2KO,
Lpin3KO, and Lpin2/3KO mice described in Fig. 1D (age 3.5 months).

wildtype Lpin2KO Lpin3KO Lpin2/3KO
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Figure 9.S2. Lpin2/3KO mice exhibit a dramatic accumulation of lipid in
enterocytes. Additional EM analysis of fasted intestine from WT, Lpin2KO,
Lpin3KO, and Lpin2/3KO mice. Lower magnification images are shown in
Fig. 3I-L.
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Figure 9.S3. Lpin2KO and Lpin2/3KO mice exhibit mitochondrial
inclusions in enterocytes. Additional EM analysis of mitochondria from WT,
Lpin2KO, Lpin3KO, and Lpin2/3KO mice. A-B, EM at low and high
magnification (see scale bars). C, EM of samples prepared by an alternative
high-pressure freezing method confirms the droplets are not an artifact of
sample preparation.
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Figure 9.S4. Lpin2/3KO mice do not exhibit differences in cholesterol
synthesis or transport gene expression. Gene expression analysis for
wild-type, Lpin2KO, Lpin3KO, and Lpin2/3KO mice of cholesterol synthesis
and uptake genes in liver (A) and cholesterol transport genes in intestine (B),
normalized to expression of Hprt. n = 4-6 per group.
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Figure 9.S5. Lpin2/3KO mice fail to thrive on a high-fat diet. Body weight
change (A), final body weight and blood glucose levels (B) and percent
whole-body fat mass, whole-body lean mass, liver weight, and kidney weight
(C) after 6 days on high-fat diet (HFD), for wild-type, Lpin2KO, Lpin3KO, and
Lpin2/3KO mice. n = 5-6 per group. § Lpin2, § Lpin3 p < 0.05, between Lpin2
or Lpin3 genotypes (WT and KO) in two-way ANOVA. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to control genotypes.
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CHAPTER 10 

Concluding Thoughts and Future Perspectives 
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Summary 

Lipins are an evolutionarily conserved family of phosphatidate phosphatase 

(PAP) enzymes that catalyze the penultimate step in the glycerolipid biosynthesis 

pathway. This reaction is important for production of the key energy storage molecule 

triacylglycerol (TAG), and phospholipid components of cellular membranes. In addition, 

PAP activity regulates levels of its substrate and product—phosphatidic acid (PA) and 

diacylglycerol (DAG), respectively—both of which are bioactive lipid intermediates. 

Mammalian genomes contain genes for three lipin family members—lipin-1, lipin-2, and 

lipin-3—which all possess PAP activity. Because each lipin has a distinct tissue 

distribution, and different lipin deficiencies produce unique disease phenotypes, we 

hypothesized that each lipin performs a unique physiological function. In this 

dissertation we used single- and double-knockout (KO) mouse models to uncover a 

network of cooperative relationships between lipin family members. Our findings 

synthesize an expanded perspective on lipins as a cohesive family of enzymes that act 

both individually and cooperatively to maintain glycerolipid homeostasis in vivo.  

 

Gene Families 

Gene families, the products of gene duplication over the course of evolution, are 

a hallmark of mammalian complexity. Two rounds of whole genome duplication in 

ancestral vertebrates provided an enormous amount of raw genetic material with which 

to create new specialized components of increasingly sophisticated biological systems 

(1–4).  Modern organisms therefore exhibit many groups of similar genes—termed gene 

families—with related or even seemingly redundant functions. The potential for 
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complexity lies in the sometimes subtle differences that have developed over time, 

allowing multiple versions of an ancestral gene product to carry out unique, specialized 

functions. 

The oxygen-binding proteins myoglobin and hemoglobin are classic examples 

from the globin superfamily that illustrate how gene duplication and subsequent 

specialization of function allows for a more sophisticated organism (reviewed in (5)). In 

lower organisms, cells rely on passive diffusion to obtain their oxygen supply, which 

imposes practical constraints on body size and structure. Vertebrates overcame this 

limitation by developing an active oxygen transport system involving the related oxygen-

binding proteins myoglobin and hemoglobin. While globins share a common ancestral 

gene, their specialized subfunctions have been carefully shaped by evolution such that 

myoglobin, which resides primarily in muscle and heart tissues and provides oxygen 

storage there, has a higher affinity for oxygen than does hemoglobin. This allows 

myoglobin to steal the essential molecule away from circulating hemoglobin, which 

transports oxygen from the lungs to the peripheral tissues. The entire system thus 

hinges on the nuanced difference in affinity for the oxygen molecule, for without it there 

would be no exchange from the circulating transport protein to the peripheral storage 

protein. Hence, the globins provide one model for understanding how subtle differences 

between gene family members can contribute to a more sophisticated organism by 

optimizing functionality. 

Though less well characterized than the globin superfamily, the three lipins are 

similarly related to each other through a common ancestral gene, and therefore are also 

likely to share similar yet meaningfully distinct physiological functions. Elucidating the 
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unique physiological roles of the lipin family members is a unifying goal of studies 

presented in this dissertation. 

 

Models of Lipin Family Function 

At the beginning of this dissertation, we set out to refine our working model of 

lipin family function, in which each lipin was thought to be the main PAP enzyme in a 

unique subset of tissues (Fig. 10.1). Originally based on expression levels of the three 

lipins across diverse tissues, the model was supported by studies of the lipin-1–deficient 

fld mouse model, which reinforced the hypothesis that lipin-1 is the dominant PAP 

enzyme in adipose tissue and muscle (6–9). However, it was apparent that this working 

model was likely an overly simplistic view of the true mammalian physiology. Many 

tissues express multiple lipins, making it difficult if not impossible to assign one lipin 

family member as the dominant PAP enzyme in these cases.  

As we set out to further investigate the functions of lipin-2 and lipin-3 in this 

dissertation, we uncovered evidence of cooperation and crosstalk between multiple lipin 

family members, which resulted in the expansion and reorganization of our model (Fig. 

10.2). Rather than each lipin being the dominant PAP enzyme in a mutually exclusive 

set of tissues, the new model incorporates the complexity of individual and cooperative 

roles for lipin proteins. In adipose tissue, which was previously thought to be the realm 

of lipin-1 alone, we discovered that lipin-1 and lipin-3 both cooperate to achieve optimal 

PAP activity (Chapter 8), while characterization of the intestine revealed roles for both 

lipin-2 and lipin-3 (Chapter 9). Characterization of the age-dependent neuropathy in the 

Lpin2KO mouse revealed a cooperative relationship between lipin-1 and lipin-2 in 
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cerebellum and liver (Chapter 7), and a comparison across single and double knockout 

models confirmed that both of these lipins contribute to PAP activity in whole brain, as 

well as lung (Chapter 8). These same comparisons in liver, kidney, and spleen revealed 

that all three lipins contribute to PAP activity in those tissues (Chapter 8). Likewise, 

evidence gathered in studies not discussed in this dissertation suggests all three lipins 

are also important in bone. Finally, our findings in this dissertation suggest that lipin-1 is 

indeed the only major player in muscle and heart as previously thought (Chapter 8), 

while lipin-2 appears to be the most likely candidate providing PAP activity in 

erythrocytes and leukocytes (Chapter 6). Though the conclusions summarized in this 

diagram have been made with varying degrees of certainty, the model as a whole 

presents an outline of how our understanding of lipin family function has broadened.   

Ultimately, the discoveries presented in this dissertation compelled an evolution 

in perspective on the lipin family. Rather than simply three independent specialized 

enzymes that share a common origin, the lipin family members can and should also be 

viewed as a cohesive unit, responding to and functionally interacting with one another to 

achieve a common end: like the globins cooperating to optimize oxygen transport, lipins 

work together to maintain glycerolipid homeostasis. The nature of the cooperation, as 

well as which lipins are involved, is specially customized for different tissues with 

varying needs, contributing to the overall sophistication of the mammalian organism. 
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Remaining Mechanistic Questions 

 The most pressing remaining questions relate to the detailed mechanisms by 

which lipin proteins cooperate to optimize PAP activity. In Chapter 8, we presented a 

synergistic relationship between lipin-1 and lipin-3 in adipose tissue, with evidence that 

lipin-3 not only plays a supportive role in vivo in mature adipose tissue, but also during 

adipocyte differentiation. The key to understanding the mechanism behind this 

cooperative relationship may lie in the fact that lipin-1 and lipin-3 physically as well as 

functionally interact. One possibility suggested by observations in Chapter 8 is that lipin-

3 stabilizes the lipin-1 protein, perhaps by preventing its degradation by the proteosomal 

or lysosomal pathway. If true, this testable hypothesis would demonstrate for the first 

time a functional consequence of lipin-lipin protein interaction, a phenomenon that has 

been observed many times by us and others, but has yet to reveal its full physiological 

purpose. 

 In Chapter 9, we discovered that lipin-2 and lipin-3 are crucial for intestinal lipid 

homeostasis, specifically in the absorptive enterocytes lining the villi of the small 

intestine. Since a dramatic accumulation of lipid in the intestine occurs only in the 

doubly-deficient Lpin2/3KO model, there must be compensation in one or both of the 

single knockouts. As discussed in Chapter 9, we uncovered evidence that lipin-2 and 

lipin-3 are each important in maintaining normal intestinal lipid homeostasis, and 

obtained clues about the nature of this division of labor. For example, the lipid inclusions 

in mitochondria were present in any mouse with lipin-2 deficiency, whether on a wild-

type or Lpin3KO background. This phenotype—which may be a very direct 

consequence of lipin-2 deficiency, or possibly a result of cellular adaptation to the lipin-
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2–deficient state—implies a specific role for lipin-2 for which the other lipin family 

members cannot compensate. Furthermore, Lpin2KO animals exhibited alterations in 

phospholipid content of the enterocyte, which implicates lipin-2 PAP actitivy in 

phospholipid biosynthesis. Lipin-3 deficiency, on the other hand, led to moderate 

defects in food intake/fecal output and circulating Vitamin D levels, suggesting that lipin-

3 activity may be involved in nutrient absorption and/or satiety signaling pathways. Thus, 

there are clearly unique spheres of influence for lipin-2 and lipin-3 in intestine, but 

interestingly there must also be some compensatory abilities, which were revealed in 

Lpin2/3KO mice. However, many questions about the detailed mechanism of this lipin 

action remain to be explored: 

1. Can we target more precisely the identity of the blockade in lipid assimilation that 

causes the dramatic TAG accumulation in enterocytes of Lpin2/3KO mice?  

2. What is the physiological origin of the mitochondrial inclusions observed in 

enterocytes of Lpin2KO mice? Do they impair mitochondrial function? Our 

preliminary experiments suggest that mitochondria isolated from Lpin2KO 

intestine do not have impaired respiration. However, not all mitochondria in the 

enterocytes harbored inclusions, and therefore isolation of the affected 

mitochondria from the total pool may be necessary to achieve an observable 

difference in our respiration assay. 

3. Why do Lpin3KO mice eat less and exhibit reduced circulating Vitamin D levels? 

Could there be a mild lipid assimilation defect in these mice that is not severe 

enough to manifest as a histologically visible defect, as seen in the Lpin2/3KO 
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mice? Following the absorption and processing of dietary lipids by feeding mice 

food with labeled components may shed some light. 

Finally, unpublished studies by Dr. Dwyer in our group have shown that lipin proteins 

physically interact with one another; this has also been demonstrated by another group 

(10). An intriguing possibility is that these physical interactions between lipin family 

members may be at the heart of many of the cooperative relationships uncovered by the 

findings in this dissertation. According to Liu et al., lipin-1 forms homo-oligomers with 

itself and hetero-oligomers with lipin-2 or lipin-3. If this were extended to all three lipins, 

the many possible combinations of lipin oligomers would provide an excellent source of 

unique complexes suited to specialized functions. Further studies are required to 

determine the nature and functional consequences of lipin oligomers in vivo. 

 

The Need for a Triple Knockout Model 

 As we continue to map out the roles of lipins, both individually and in cooperation 

with one another in various tissues, a unique problem arises for tissues such as kidney, 

liver, and bone. In these tissues, all three lipin family members are expressed at 

meaningful levels, making it difficult to assess the role of individual lipins. The use of 

knockout models to evaluate effects of lipin deficiency in these tissues is complicated by 

likely compensation by other lipins, which may preclude us from detecting insightful 

phenotypes. This is especially true for kidney, a tissue with high levels of lipin 

expression but for which we have found no evidence thus far of any meaningful 

phenotype in our single or double knockout models. A triple knockout model would be 
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particularly useful in this case, but a global knockout of both lipin-1 and lipin-2 is already 

known to be embryonic lethal (Chapter 7).  

 One possible strategy is to create a triple lipin knockout in cell culture, to 

determine the role of PAP activity in cell survival and fundamental cellular function. This 

model could also be stressed by exposure to exogenous lipids, to assess the ability of 

the cells to maintain lipid homeostasis in the absence of PAP activity. An alternative is 

to create tissue-specific or time-dependent triple knockout models with Cre-lox or similar 

technology; knockdown may also be achieved using adenovirus-delivered shRNA. 

Using the two double knockout models developed in this dissertation, it would be 

possible to attack this problem from two different directions: by knockdown of lipin-1 in 

the Lpin2/3KO model, or lipin-2 in the Lpin1/3KO model. Ideally, both approaches would 

be used to verify that the same phenotype is obtained.  

Even for tissues where the single or double knockout models have revealed 

informative phenotypes, it is possible that removing all three lipins could reveal even 

more dramatic or different phenotypes that will further elucidate the roles of lipin family 

members.  

 

An Emerging Theme in Lipinopathies 

 As described in this thesis, different lipin deficiencies—“lipinopathies”—lead to 

disparate physiological states. These include age-dependent ataxia (Lpin2KO, Chapter 

7), lipodystrohpy (Lpin1KO and Lpin1/3KO, Chapter 8), altered intestinal phospholipid 

levels and mitochondrial inclusions (Lpin2KO, Chapter 9), reduced food intake 

(Lpin3KO, Chapter 9), and severe intestinal TAG accumulation (Lpin2/3KO, Chapter 9).  
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Is there a common underlying mechanism resulting from reduced PAP activity that ties 

together these seemingly unrelated phenotypes? One emerging theme that has recently 

arisen in lipin biology, including during studies in this dissertation, is a common need for 

PAP activity among many tissues to keep PA levels in check. Excess amounts of this 

lipid intermediate signaling molecule can inappropriately activate signaling cascades 

that regulate a variety of cellular processes. We observed PA accumulation due to lipin 

deficiency in cultured adipocytes (Chapter 5), cerebellum (Chapter 7), and intestine 

(Chapter 9), and it has been demonstrated by other groups in Schwann cells (11), heart 

(12), and adipose tissue (13, 14). This is clearly a theme that should be explored in 

more detail. Additional phenotypes observed in lipin-deficient states should be 

evaluated for the potential role of PA accumulation. Normalization of PA levels could 

potentially be a therapeutic strategy for human lipin deficiencies. 
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Figure 10.1. Hypothesis: lipins perform the same enzymatic function in different
tissues. In this simple working model, responsibility for the PAP activity in each of the
many tissues of the mammalian body are essentially divvied up between the three lipin
family members based on where they are expressed. However, many tissues exhibit
expression of multiple lipins. Some of these tissues (e.g. liver) are assigned to the lipin
that seems to be most prominently expressed there. Others (e.g. kidney) remain
unassigned (bottom panel) because of roughly equal expression from multiple lipins.
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Figure 10.2. An updated model of lipin family function: Different tissues use
different combinations of lipins working individually and in cooperation to
achieve a customized lipid homestasis. In this updated working model, we have
recognized that crosstalk and cooperations exist between different combinations of
lipins in different tissues. The contributions of each lipin to the tissues shown here
represent a new model synthesized from the findings presented in this dissertation.
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