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 Lipin is a phosphatidate phosphatase enzyme that catalyzes the penultimate step in 

triacylglycerol synthesis, the conversion of phosphatidic acid to diacylglycerol. By 

controlling this step, lipin regulates both triacylglycerol and phospholipid synthesis, and it 

also acts as a transcriptional regulator. It is known that phosphorylation controls the 

subcellular localization of lipin, and its activity as both a phosphatidate phosphatase and a 

transcriptional regulator. Multiple phosphorylation sites within lipin have been identified, 

but the identity of the protein kinases involved is largely unknown. In this work, we sought 

to identify and characterize kinases that play a role in lipin’s regulation. 

 Using bioinformatics, we found that lipin 1b has a high probability of being 

phosphorylated by casein kinase II. Using purified lipin 1b, we showed that casein kinase 

II catalyzed the incorporation of the g-phosphate of [g-32P]ATP into the protein. We then 

focused on the serine-rich domain of lipin 1b, which in lipin 1a has been shown to be 

important in subcellular localization through interaction with 14-3-3 protein. We generated 

a 22-residue peptide that included 7 putative serine/threonine phosphorylation sites, and 

found that this peptide was phosphorylated by  casein kinase II.  Phosphorylation analysis 
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of the peptide with alanine substitutions for the putative sites indicated that Ser-285 and 

Ser-287 were the targets of the kinase.  In full-length lipin 1b, the S285A mutation caused 

a greater degree of phosphorylation, whereas the extent of phosphorylation of the 

S285A/S287A mutant was about the same as that of the control wild type protein.  In 

phosphopeptide mapping analysis, two phosphopeptides present in the wild type protein 

were absent in both mutant proteins, but one phosphopeptide present in the mutants was 

absent in the wild type protein.  These observations indicate that the phosphorylation by 

casein kinase II is complex. This work increases our understanding of the posttranslational 

modification of lipin 1b by phosphorylation. 
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CHAPTER 1 

INTRODUCTION 

 Triacylglycerol (TAG) is a storage lipid that serves as an energy reservoir; its structure 

consists of a glycerol backbone with fatty acids esterified at all three positions (1,2). TAG 

is the major neutral lipid stored in lipid droplets, along with small amounts of cholesteryl 

esters and retinyl esters (3,4). Under normal conditions, lipid droplets are stored mainly 

within adipose tissue, where they can be hydrolyzed to release fatty acids for energy. 

However, in the obese condition, there is an excessive amount of TAG synthesis and a 

resulting need for its storage; excessive amounts of lipid droplets are then stored in the 

muscle, liver, pancreas, and other tissues, leading to disease.  

  Obesity is a global health crisis. The World Health Organization (WHO) reports that 

in 2016, a total of 1.9 billion adults worldwide were overweight (defined as a body mass 

index [BMI] > 25 kg/m2), while 650 million were obese (BMI > 30 kg/m2) (5). 

Furthermore, a total of 41 million preschool-aged children worldwide were overweight (5). 

Within the United States, in 2016, all states had a rate of adult obesity greater than 20%, 

with five states having a rate of adult obesity greater than 35% (Fig. 1) (6). Obesity was 

once thought of as a problem mainly in developed countries, but due to the increasing 

availability of “Western-style” processed and convenience foods, this epidemic has spread 

to developing nations as well, where traditional diets are becoming increasingly rare (5).  

    Obesity has a number of significant physiological consequences. It increases the risk 

for   multiple  serious  and   potentially  fatal   diseases, including  cardiovascular   disease,  
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Figure 1. Prevalence of self-reported obesity among U.S. adults in 2016. Data taken 

from Ref. (6). 
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diabetes, non-alcoholic fatty liver disease, and some types of cancer. To give just one 

example of the prevalence of obesity-related disease, within the United States alone, a total 

of  30.3  million individuals  are  estimated  by  the  National  Institute  of Diabetes  and 

Digestive  and Kidney Disease (NIDDK) to have diabetes, with a resulting economic 

burden of $327 billion (7). The prevalence of obesity and obesity-related co-morbidities 

has made research into the mechanisms involved crucial.  

 The glycerol 3-phosphate pathway, initially described by Eugene Kennedy, is the major 

pathway to TAG synthesis in mammals (8). This pathway, illustrated in Fig. 2, consists of 

four steps: the conversion of glycerol 3-phosphate (Gro-3-P) to lysophosphatidic acid 

(LysoPA) via acylation by glycerol 3-phosphate acyltransferase (GPAT); the conversion 

of LysoPA to PA via acylation by acylglycerol 3-phosphate acyltransferase (AGPAT); the 

conversion of PA to DAG (diacylglycerol) via dephosphorylation by PAP (phosphatidic 

acid phosphatase); and the conversion of DAG to TAG via acylation by diacylglycerol 

acyltransferase (DGAT). Mammals also have a secondary pathway to TAG synthesis, 

which takes place in the small intestine, where dietary monoacylglycerol (MAG) is 

esterified in enterocytes by monoacylglycerol acyltransferase (MGAT) and DGAT (Fig. 

2) (9). 

 PAP, the enzyme that catalyzes the penultimate step in the glycerol 3-phosphate 

pathway, has emerged as a major regulator of TAG levels, and, potentially, of adiposity 

and obesity.  This work focuses on PAP, also called lipin (encoded in mammals by the 

gene LPIN), and its critical role in lipid metabolism and maintenance of lipid homeostasis. 
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Figure 2. Synthesis of TAG. In the de novo pathway, Gro-3-P is converted to LysoPA 

via acylation by GPAT. LysoPA is converted to PA via acylation by AGPAT. PA is 

converted to DAG via dephosphorylation by PAP. DAG is converted to TAG via 

acylation by DGAT.  In the MAG pathway, MAG is converted to DAG via acylation by 

MGAT; this DAG is then acylated to TAG via DGAT. 
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 1.1. Role of PAP in Lipid Metabolism 

1.1.1. The dual function of the PAP enzyme 

 As discussed above, PAP is the enzyme responsible for catalyzing the 

dephosphorylation of PA to DAG (10,11). In addition to forming TAG as part of the de 

novo synthesis pathway, DAG can also be used to form the zwitterionic phospholipids 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE); PC and PE can then be 

converted to phosphatidylserine (PS), as discussed in further detail below (10,12). The PAP 

substrate PA can also be converted to CDP-DAG (cytidine diphosphate diacylglycerol), 

which is then used to form the anionic phospholipids phosphatidylglycerol (PG), 

phosphatidylinositol (PI), or cardiolipin (CL) (13). PAP’s role in phospholipid synthesis is 

discussed in detail below.  

 In addition to its role as a PAP enzyme, lipin also plays a role in the control of lipid 

metabolism through transcriptional regulation. For example, lipin is able to regulate fatty 

acid oxidation through interaction with peroxisome proliferator-activated receptor a 

(PPARa) and PPARg coactivator-1a (PGC-1a) (14,15). This direct interaction activates 

PPARa-PGC-1a genes during fasting, promoting hepatic fatty acid oxidation (15). Lipin 

can also act as a gene repressor; an example is the inhibition of nuclear factor of activated 

T cells c4 (NFATc4) in adipocytes (16,17). In most cases, the transcriptional regulatory 

role of lipin is separate from its role as a PAP enzyme, and this regulatory role can be 

carried out in the absence of PAP activity; however, the ability of lipin to repress sterol 

regulatory element binding protein 1 (SREBP1) requires both functions to be intact (18,19). 

In addition to directly interacting with target genes, lipin PAP activity also plays a role in 
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transcriptional regulation through the control of its intermediates, PA and DAG, which 

then act as signaling molecules in lipid metabolism (12). 

 This dual function of lipin (as a PAP enzyme and a transcriptional regulator) has led to 

its emergence as a key regulator of lipid metabolism.  

1.1.2. PAP in phospholipid synthesis 

    PA and DAG serve as the precursors for the phospholipids, a class of lipids that are the 

major structural components of cell membranes (Fig. 3) (10). As part of the membrane 

bilayer, phospholipids help to determine the fluidity of a membrane, as well as to regulate 

the proteins that are able to bind to a given membrane (20). In addition, phospholipids also 

have regulatory functions due to their ability to be converted into such secondary 

messengers as arachidonic acid and the phosphatidylinositol phosphates (20-22). 

    In eukaryotes, the major phospholipid in cell membranes is PC, followed by PE, while 

PE makes up the majority of cell membranes in prokaryotes (20). These phospholipids are 

both derived from DAG via parallel pathways (Fig. 4). Choline is phosphorylated by 

choline kinase (CK), and then converted to CDP-choline by CTP-phosphocholine 

cytidylyltransferase (CCT). CDP-choline is then combined with DAG to form 

phosphatidylcholine. Similarly, ethanolamine is phosphorylated by ethanolamine kinase 

(EK), converted to CDP-ethanolamine by CTP-phosphoethanolamine cytidylyltransferase  

(ECT),  and  then  combined  with  DAG  to  form PE. PE can also be converted to PC via 

a series of methylations catalyzed by phosphatidylethanolamine N-methyltransferase 

(PEMT).             
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Figure 3. Overview of the role of PAP in lipid metabolism. PAP controls the 

conversion of PA to DAG, a reaction that is a branchpoint in lipid metabolism. PA can 

be converted to CDP-DAG, which can then be used to make the phospholipids PI, PG, 

and CL. DAG can be converted to TAG or used to make the phospholipids PC, PE, and 

PS. PA also functions as a signaling molecule. Diacylglycerol kinase (DGK) catalyzes 

the conversion of DAG to PAP.   

 
 
  



 8 

 

 
 
 

Figure 4. Synthesis of PC and PE by the Kennedy pathway, and synthesis of PS.  

PC and PE are formed by parallel pathways wherein choline and ethanolamine, 

respectively, are combined with DAG. PE can be converted to PC via a series of 

methylations catalyzed by PEMT. PC and PE can be converted to PS via base-exchange 

reactions catalyzed by PSS-1 and PSS-2, respectively. PS can be decarboxylated to PE 

by PSD.   
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 In mammals, phosphatidylserine is synthesized from either PC or PE via calcium-

dependent base-exchange reactions (23). These reactions are catalyzed by PS synthase 1 

or 2; PSS-1 converts PC to PS, while PSS-2 converts PE to PS (24-26). Tissue distribution 

of the two PS synthases varies, with PSS-1 mRNA being most highly expressed in brain, 

kidney, and liver, and PSS-2 mRNA being most abundant in Sertoli cells (27,28). 

Additionally, PS can be converted to PE via a decarboxylation reaction catalyzed by PS 

decarboxylase (PSD) (29).  

 PA can also be converted to CDP-DAG by CDP-DAG synthase, a reaction that takes 

place primarily in the ER (30). CDP-DAG is used to make PI (by PI synthase in ER 

membranes) and CL (by CL synthase in mitochondrial membranes) (30). CDP-DAG is 

also the precursor of PG via a two-step reaction that consists of the synthesis of 

phosphatidylglycerol phosphate (PGP) by PGP synthase, followed by the 

dephosphorylation of PGP to PG by PGP phosphatase (30). These three phospholipids that 

arise from CDP-DAG are less abundant than PC, PE, and PS, but still play critical roles in 

membrane function. 

 As discussed above, PAP controls the flux between PA (the precursor to CDP-DAG, 

PG, PI, and CL) and DAG (the precursor to PE, PC, and PS), and in doing so, is a major 

regulator of phospholipid synthesis. Phospholipid membrane composition, which varies 

between  cell  types,  subcellular  organelles,  and  even  membrane  bilayers,  is  a  crucial 

determinant of cell function (30). By controlling available levels of precursors, PAP plays 

a critical role in phospholipid synthesis and homeostasis. 
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1.2. Basic Structure and Function of Lipin 

1.2.1. Structure and localization        

    Unlike the other proteins involved in TAG synthesis, lipin is not an integral membrane 

protein (12,31). Lipin 1 is found in the endoplasmic reticulum (ER), nucleus, and cytosol; 

its localization is determined primarily by its phosphorylation state, with phosphorylated 

lipin being found primarily in the cytosol and dephosphorylated lipin being found primarily 

in the membrane fraction (14,32,33). Insulin- and mTOR (mechanistic target of 

rapamycin)-dependent phosphorylation decreases nuclear import of the enzyme as a result 

of interactions with 14-3-3 proteins (16,34). It appears that the nuclear localization signal 

(NLS) for the enzyme is located within its polybasic domain (16,35).  

   The subcellular localization of lipin is related to its role as both a PAP enzyme and a 

transcriptional regulator. The PAP reaction takes place at the ER membrane, and in vitro, 

the presence of fatty acids causes lipin to translocate to the membrane (12,36,37). 

Conversely, the transcriptional regulation role of lipin requires it to be able to translocate 

to the nucleus.   

1.2.2. Types of lipin and their biochemical regulation 

    In mammals, lipin is present in three paralogues: lipins 1, 2, and 3, expressed by the 

genes LPIN1, LPIN2, and LPIN3. All three members of the lipin family are able to 

dephosphorylate  PA, but  lipin 1 has  significantly higher  PAP activity than the other two 

lipins (31,38). The three family members act cooperatively, but silencing lipin 1 has been 

shown to decrease PAP activity by 95% (39). All three lipin PAP enzymes are specific for 

PA as a substrate (38).  
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     Structurally, the lipin proteins contain two highly conserved domains, the NLIP domain 

(located in the NH2-terminal region) and the CLIP domain (located in the COOH-terminal 

region) (40) (Fig. 5). The PAP active site motif, DXDXT, is contained within the CLIP 

domain; this motif marks the lipin enzymes as belonging to the haloacid dehalogenase 

enzyme superfamily (11) (41). Both the CLIP and NLIP domains are necessary for PAP 

activity (33). 

 Lipin 1, the best characterized of the mammalian lipins, is present in three isoforms as 

a result of alternative splicing: a, b, and g. Lipin 1a has the highest specific activity of the 

three isoforms; however, lipin 1g has the greatest affinity for PA (14). All three  isoforms  

are  dependent  on  Mg2+  or  Mn2+ (with Mg2+ being preferred), and all are inhibited by N-

ethylmaleimide, Ca2+, and Zn2+ (14). All three isoforms have molecular masses between 

100 and 115 kDa (14). The isoforms differ in their predominant cellular localization, tissue 

distribution, and functions. Unlike lipin 1a and lipin 1b, which are found in most tissues 

that express lipin 1 (although their relative expression levels vary), lipin 1g is found mainly 

in brain tissue (12) (42). 

  In studies performed in mature 3T3-L1 adipocytes, lipin 1a is primarily found in the 

nucleus, where it induces genes involved in adipocyte differentiation (such as PPARg, 

C/EBPa, and aP2); lipin 1b is primarily found in the cytoplasm, where it induces genes 

required for lipid biosynthesis (such as ACC1, FAS, SCD1, PEPCK, and DGAT)  (16) (43). 

Lipin 1b contains a 33-amino acid stretch, located from residues 242 – 275, that is lacking 

in lipin 1a, a result of alternative splicing of exon 7 (43). In mammals, this alternative 

splicing   is  regulated   by  the   RNA  splicing  factor  SFRS10,  a  homolog  of  drosophila  
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Figure 5. Structure of murine lipin 1. G refers to a conserved glycine in the NLIP region. 

PBD refers to the polybasic domain containing the nuclear localization sequence. b refers 

to the stretch of amino acids (residues 242-275) that is present in lipin 1b but lacking in 

lipin 1a. SRD refers to the serine-rich domain, which contains Ser-285 and Ser-287. 

DIDGT refers to the HAD-like domain in the CLIP region. Ser-106 and Ser-472 have been 

shown to be phosphorylated by mTORC1. In this work, Ser-285 and Ser-287 have been 

shown to be phosphorylated by CKII.  
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transformer-2 (Tra-2) (44). It has been shown that obese humans have lower levels  of  

SFRS10  in  liver  and  skeletal  muscle;  this  correlates with  an increase  in  the proportion 

of lipin 1b isoform in cultured HepG2 cells with an siRNA-mediated knockdown of 

SFRS10, and a resulting increase in lipogenic gene expression (44). 

1.2.3. Degradation of lipin 1 

    Lipin 1 is degraded by the ubiquitin-proteasome system (45) (46). Specifically, lipin 1 

is a substrate for b-transducin repeat-containing protein (b-TRCP), a variable F-box protein 

that is a subunit of the SCF (Skp1/Cullin1/F-box protein) E3 ubiquitin ligase complex (45). 

It has been shown that b-TRCP interacts with lipin 1 via lipin 1’s degron motif, and requires 

serine residues within this degron motif to be phosphorylated by mTORC1 (mTOR 

complex 1) (45). Glycogen synthase kinase-3 (GSK-3), a ubiquitously expressed 

serine/threonine kinase similar to CKI, may also be able to phosphorylate this motif and 

play a role in lipin 1 stability (46). The b-TRCP degron motif, DSGXXS, is located between 

amino acids 448 and 453 in human lipin 1, and is highly conserved among mammals (46). 

b-TRCP, therefore, may play a role in upregulating hepatic lipogenesis by promoting 

degradation of lipin 1, which leads to a dysregulation of SREBP-dependent transcription, 

particularly when mTORC1 activity is high (45). However, a b-TRCP-/- knockout mouse 

model shows no difference from wild-type mice in its fasting glucose or insulin 

concentration or body weight under normal conditions, indicating that this pathway may 

be more important in conditions of metabolic stress (45).  
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1.3. Mutations in Lipin Proteins 

1.3.1. Lpin1 mutation in mice (fld phenotype)          

  In mice, a naturally occurring mutation of Lpin1 resulting in a complete loss of lipin 1 

protein leads to a fatty liver dystrophy (fld) phenotype (40). These mice display a loss of 

body fat, insulin resistance, hepatic steatosis, and neurological symptoms such as 

peripheral neuropathy and decreased nerve conduction velocity (40) (47). These 

neurological symptoms are the result of the buildup of PA activating the MEK-ERK 

pathway, leading to degradation of myelin and proliferation of Schwann cells (48) (49). 

Conversely, overexpression of the Lpin1 gene  in mice causes the mice to become obese, 

but, interestingly, also improves their insulin sensitivity (43) (48). 

 The lipodystrophy phenotype shown by fld mice is severe, with a 90% loss of total 

white adipose tissue when compared with wild type (WT) mice (12,50). The adipocytes of 

fld mice are unable to differentiate as a result of a decreased expression of transcription 

factors such as PPARg and the buildup of PA in preadipocytes (12) (51). It has been shown 

that adipocyte differentiation can be restored in these fld preadipocytes by forced 

expression of lipin 1, but not by expression of a lipin 1 protein that lacks PAP activity (12) 

(52). Studies done in mice that express a variant of lipin 1 with intact coactivator function 

but no PAP activity further confirm that it is the PAP activity of lipin 1 that is necessary 

for adipocyte differentiation (12) (53). In addition to this decrease in adipocyte 

differentiation, fld mice also show an increase in PA and a decrease in TAG (12) (52). 

 In rats, a Lpin11Hubr model animal has been generated that produces a lipin 1 protein 

that retains transcriptional regulation activity but has no PAP activity (54). These rats show 

a mild lipodystrophy, peripheral neuropathy, and muscle wasting that is less severe than 
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the phenotype shown by fld mice (54). Interestingly, these rats show an improvement in 

their phenotypes as they age, which does not occur in fld mice (54). It is possible that this 

attenuation of symptoms may be the result of compensation by other biochemical pathways 

as the animal ages (54). 

1.3.2. LPIN1 mutations in humans   

 Unlike in mice, the loss of lipin 1 in humans does not lead to changes in adipose tissue 

development; instead, it causes recurrent episodes of rhabdomyolysis in childhood. These 

episodes, often brought on by metabolic stress such as febrile illnesses, fasting, anesthesia, 

or exercise, are severe and are fatal in approximately one-third of cases; the cause of death 

is cardiac arrest (55) (56). Most patients with this condition have null allele mutations, 

meaning that they produce no lipin 1. However, there have been rare missense mutations 

(such as R725H) described in which a lipin 1 protein is made that is able to act as a co-

activator, but has no PAP activity; this mutation leads to the same disease state as the null 

allele mutation, indicating, as in mice, that it is the lack of PAP activity that causes the 

symptoms (12) (57). 

 Lipin 1 is the main lipin isoform expressed in skeletal muscle and the myocardium (12) 

(58) (59). Muscle biopsies of patients affected by lipin 1 deficiency show an increase in 

the amount of neutral lipid droplets within their muscle cells, particularly during episodes 

of inflammation. These biopsies also revealed a significant increase in free fatty acids 

within the myoblasts, but no change in total TAG or phospholipid content (60). Similarly, 

fld mice subjected to a fasting and refeeding protocol demonstrated an accumulation of 

lipid droplets in muscle tissue; however, their muscle tissue contained very little TAG 

while levels of cholesteryl esters were nearly double that of WT mice (56). The ability of 
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human muscle cells to maintain normal levels of TAG despite loss of lipin 1 may be due 

to an upregulation of lipin 2, which also has PAP activity, in the muscle cells of these 

patients (60). It is thought that under normal conditions, this upregulation of lipin 2 is 

sufficient to compensate for the lack of lipin 1, but as energy needs increase under 

conditions of metabolic stress and inflammation, this compensation is no longer adequate. 

In addition to the increase in neutral lipid droplets, muscles of patients with lipin 1 

deficiency also show an upregulation in expression of ACACB, the gene encoding acetyl-

CoA carboxylase beta (60). ACACB is a key regulator in the balance between fatty acid 

oxidation and synthesis, and its upregulation leads to an accumulation of free fatty acids in 

muscle cells (60). It appears that the upregulation of inflammatory cytokines during periods 

of metabolic stress is the trigger for the symptoms experienced by these patients (60).  

 As discussed above, fld mice show primary defects in adipose and nerve tissue rather 

than in muscle tissue. However, it has been shown that subjecting these mice to metabolic 

stress can lead to symptoms similar to those found in humans with lipin 1 deficiency. 

Fasting and refeeding causes fld mice to show increased levels of creatine kinase, as well 

as buildup in the myocytes of cholesteryl esters and PA (12) (56). Additionally, mouse 

studies have shown that lipin 1 is needed for autophagy, a process by which abnormal 

organelles are removed from cells (56). These studies identified lipin 1 as an activator of 

the protein kinase D-Vps34 phosphatidylinositol 3-kinase signaling cascade, which is 

needed for autolysosome maturation and effective autophagy (56). Mice with lipin 1-

related myopathy demonstrate misshapen and enlarged mitochondria, which are unable to 

be properly cleared due to the dysfunction in the autophagy pathway (56). A possible 

explanation for why human patients lacking lipin 1 have normal muscle function in 
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between episodes of rhabdomyolysis is that their mitochondria are able to keep up with 

everyday demand, but that metabolic stress creates a demand for autophagy that they are 

unable to meet (56). 

  Although cardiac arrest is the main cause of death during crisis episodes, when patients 

with LPIN1 mutations are in between episodes they typically show no obvious cardiac 

pathology (59). A recent study of eight pediatric patients with LPIN1 mutations found that 

seven of these patients, when examined outside of a rhabdomyolysis episode, had normal 

cardiac function at rest; the eighth patient had signs of minor ventricular systolic 

dysfunction on echocardiogram (59). However, four of these patients also underwent 

cardiac 1H-magnetic resonance spectroscopy and were found to have significant 

myocardial steatosis, as determined by comparing their triglyceride/water ratio to controls; 

in unaffected individuals, the triglyceride/water ratio was approximately 0.3, while in 

affected patients, it was approximately 0.95 (59) The reason for this accumulation of TAG 

in the heart is unclear. Previous work has also shown that fld mice have decreased cardiac 

function, although interestingly, ex vivo studies of perfused fld hearts have found normal 

cardiac function as well as normal glucose and oleate oxidation, indicating that the in vivo 

cardiac dysfunction is related to systemic effects of lipin 1 deficiency (61). 

 The lack of lipodystrophy or obvious histological adipocyte changes in humans without 

lipin 1 has been a matter of some speculation. Recently, a gene expression analysis of 

adipose tissue from patients with inactivating LPIN1 mutations found that their adipocytes 

showed normal lipid composition and normal differentiation, but were slightly smaller than 

controls (62). These adipocytes showed no upregulation of the expression of LPIN2 or 

LPIN3, but did show increased expression of SREBP1, PPARG, and PGC1A, indicating 
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that increased levels of these adipogenic regulators may be compensating for the loss of 

LPIN1 and allowing for normal adipocyte differentiation (62).    

 Interestingly, a role for lipin 1 in lipodystrophy has recently been elucidated in HIV 

patients undergoing antiretroviral therapy (ART). HIV patients being treated with ART 

commonly show changes in adipose tissue distribution, with a characteristic reduction of 

subcutaneous fat in the face and limbs; some also show increased fat tissue deposition in 

the neck and abdomen (63). It has been shown that patients that display this lipodystrophy 

have lower levels of lipin mRNA expression when compared with patients who maintain 

normal fat distribution despite ART treatment (63). Affected lipodystrophic patients show 

similar lipin mRNA expression profiles in adipose tissue to fld mice. In addition, 

lipodystrophic patients with lower lipin expression also had higher levels of inflammatory 

cytokines in their adipose tissue, reinforcing a role for lipin in inflammation which will be 

further discussed below (63). 

1.3.3. Lpin2 mutations in mice 

 A mouse model of lipin 2 deficiency (Lpin2KO mice) has elucidated further 

information about the physiological roles of lipin 2. Lipin 2 is the most abundant lipin 

protein in mouse liver (37); however, in Lpin2KO mice, hepatic PAP activity is increased 

despite the full loss of lipin 2 (64). This is the result of compensation by lipin 1, which 

occurs at the protein level rather than the mRNA level, and leads to hepatic lipid 

homeostasis in Lpin2KO mice fed a chow diet (64). However, when Lpin2KO mice were 

fed a high-fat diet, they showed greater hepatic stores of TAG when compared to WT mice 

(64). It appears from these results that in normal feeding conditions, lipin 1 is able to 
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compensate for the loss of lipin 2 in the liver, but under dietary stress, the compensation is 

no longer adequate (64).  

 Lpin2KO mice are phenotypically normal until about six months of age, at which time 

they develop ataxia, tremors, and difficulty maintaining balance (64). It was found that 

although young Lpin2KO mice had normal levels of PA in their cerebellum, older 

symptomatic Lpin2KO mice had a 50% increase in cerebellar PA, although their cerebellar 

DAG levels remained normal (64). When the cerebellum of normal WT mice were 

examined, it was found that when these mice were young, their cerebellum contained both 

lipin 1 and lipin 2, but as they aged (10-12 months old), lipin 1 levels were nearly 

undetectable while lipin 2 remained (64). This indicates that with age, lipin 2 becomes the 

predominant lipin enzyme in the brain; in Lpin2KO mice, lipin 1 expression levels did not 

increase to compensate, leading to a buildup of PA and resulting neurological symptoms 

(64). 

 Although mutations causing the loss of either lipin 1 or lipin 2 result in pathology, 

which can be quite severe particularly in the case of lipin 1 loss in humans, there is 

sufficient compensation in both cases to allow survival. However, the loss of both lipin 1 

and lipin 2 in mice leads to embryonic lethality, with embryos dying by approximately 12 

days post conception, indicating that lipin 3 is not able to compensate for the loss of both 

lipin 1 and lipin 2 (64).  

1.3.4. LPIN2 mutations in humans (Majeed syndrome) 

 The loss of lipin 2 in humans causes Majeed syndrome, a rare auto-inflammatory 

disease with such symptoms as bone lesions, fevers, skin lesions, and anemia (12) (65). As 

with lipin 1 deficiency, it has been shown that these symptoms are the result of the lack of 
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PAP function, as the missense mutation S734L, which leads to the loss of lipin 2 PAP 

activity but the retention of transcriptional coactivator function, is one of the mutations that 

leads to this syndrome (12) (37).  Additional mutations have also been identified, such as 

a frame shift mutation that causes a stop codon to be inserted at residue 180; this leads to 

production of a non-functional truncated protein (37) (66). 

 The auto-inflammatory nature of Majeed syndrome has led to an understanding of the 

role of lipin in inflammation. Studies have shown that knocking down lipin 2 in 

macrophages increases the production of the pro-inflammatory cytokine interleukin 1b (IL-

1b) by activating the NLRP3 inflammasome (67). Lipin 2 mediates this activation at both 

the first priming signal step, by regulating MAPK (mitogen-activated protein kinase) 

signaling, and at the second signal step by influencing sensitization of the purinergic 

receptor P2X7  (67). This correlates with an improvement in symptoms of Majeed syndrome 

patients when treated with IL-1b blockers (12) (68).  

 Mice that lack lipin 2 also show a mild anemia and skin lesions, but have not shown 

bone lesions; it is possible that because these lesions are episodic, they simply have not 

been observed in mice (12) (64). Unlike in mice, humans with Majeed syndrome have not 

shown neurological defects (65) (66). However, Majeed syndrome has only been described 

relatively recently, and the patients studied have been young; it is not known if these 

patients will demonstrate similar neurological symptoms as they age (64) (66).  

 The differences between the physiological effects of lipin 1 and lipin 2 mutations in 

humans serve to illustrate their unique functions. It has been postulated that these 

differences are based on the different tissue localizations of the two enzymes (12). As 

discussed above, lipin 1 is the main lipin gene expressed in skeletal muscle, which 
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coincides with the dysfunction in muscle tissue seen in lipin 1 mutations. However, this 

correlation is not as clear with lipin 2, which is expressed at its highest levels in intestine 

and liver; these tissues are not affected by Majeed syndrome (12) (58).  

1.3.5. Lpin3 mutations in mice 

 Lipin 3, the least studied of the three lipin enzymes, may be critical to adipose tissue 

function. Like lipin 1, lipin 3 is expressed in adipose tissue, and its expression is induced 

during adipogenesis (69). Mice with a lipin 3 knockout (Lpin3KO) do not show an obvious 

phenotypic difference when compared to wild type mice, and display comparable body and 

tissue weights on both chow and high-fat diets; however, as the mice age, they show 

slightly reduced body weights at around 14-16 months old (69). When stromal vascular 

cells taken from Lpin3KO mice were analyzed, it was found that they had fewer and smaller 

lipid droplets than WT cells, and Lpin3KO adipocytes also had lower expression of 

adipogenic genes such as PPARg and FABP4 (69). A double knockout mouse model 

(Lpin1/3KO) lacking both lipin 1 and lipin 3 showed a more severe lipodystrophy 

phenotype than Lpin1KO mice, and PAP activity and TAG accumulation in adipose tissue 

of these mice were completely abolished (69). These results suggest a cooperative role of 

lipin 1 and lipin 3 in normal adipogenesis (69). Currently, it is not known whether lipin 3 

mutations cause disease in humans (12).  

1.4. Physiological Roles 

1.4.1. Diabetes and Obesity 

 Because of lipin’s role in TAG synthesis, it has been implicated in the pathogenesis 

leading to both obesity and diabetes. However, there is relatively little research at this time 

into the mechanisms behind this association, and results of the recent studies performed 
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have been somewhat mixed. In one recent study, LPIN1 mRNA levels were shown to be 

lower in subcutaneous and visceral adipose tissue in obese human subjects and those with 

type 2 diabetes, while LPIN2 mRNA levels were not altered and LPIN3 mRNA levels were 

increased (39). LPIN1 mRNA levels were found to be negatively correlated in these human 

subjects with BMI, insulin resistance, and plasma TAG levels (39).  

  Another study examining extremely obese (mean BMI = 60.8 kg/m2) subjects found 

that LPIN1b  mRNA expression in liver and adipose tissue was inversely correlated with 

plasma insulin levels, insulin resistance, and BMI (70). When these subjects underwent 

gastric bypass surgery and resulting significant weight loss (mean weight loss = 34.5% of 

body weight), LPIN1b  mRNA expression markedly increased by approximately 73% in 

liver and 2.6-fold in adipose tissue (70). This increase in LPIN1b  expression was 

accompanied by a mean reduction of 66.8% in plasma insulin concentration and a mean 

reduction of 70.7% in HOMA-IR values (a measure of insulin resistance) (70). However, 

LPIN1a  mRNA levels did not correlate with BMI or insulin levels, and were not affected 

by surgery-induced weight loss. These results correlate with a study that found that 

treatment of insulin-resistant individuals with thiazolidinediones increases LPIN1b mRNA 

levels while improving insulin sensitivity (71). In addition, as discussed previously, fld 

mice, which produce no lipin 1, are insulin resistant, and overexpressing lipin 1 leads to 

improved insulin sensitivity. These results point to a possible protective role of lipin in 

insulin homeostasis. 

 Other studies, however, have shown an opposite role for lipin in obesity and diabetes. 

LPIN1 has been shown to be a target gene of pregnane X receptor (PXR), a nuclear receptor 

that has recently been elucidated as having a role in the regulation of lipid metabolism and 
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the pathogenesis of type 2 diabetes. Knocking out PXR in mice leads to the downregulation 

of lipin 1 expression, and also attenuates obesity, insulin resistance, and hepatic steatosis 

in PXR-/- mice fed a high-fat diet (72). Conversely, over-activation of PXR led to an 

upregulation of lipin 1 coincident with a worsening of these symptoms. This effect on lipin 

1 may be one of the mechanisms by which PXR regulates metabolism (72).   

 As discussed above, lipin 1 is known to be an activator of the PGC-1a/PPARa pathway 

(15). Mouse models of type 1 and type 2 diabetes (streptozotocin injection and db/db, 

respectively) were both found to have higher levels of hepatic lipin 1 mRNA than WT mice 

(15). This upregulation of PGC-1a and lipin 1 in the liver during diabetes is thought to be 

induced by the increased delivery of fatty acids to the liver in this condition, as it is a similar 

response to that induced by fasting, which also leads to increased need for hepatic fatty 

acid oxidation (15). In other words, the increase in hepatic lipin 1 during diabetes may be 

a pathophysiologic adaptation stemming from the normal physiologic role of lipin 1 in the 

liver (15).  

1.4.2. Cancer 

 Enzymes involved in the regulation of lipid metabolism have emerged as possible 

targets for cancer treatment, due to the fact that cancer cells have been shown to have 

altered lipid metabolism. One of the factors leading to this lipid metabolism dysregulation 

is the need of cancerous tumors for increased lipid biosynthesis to provide rapidly 

proliferating cells with building materials for membranes, as well as energy storage and 

signaling molecules (73) (74). This is evidenced by some types of prostate cancer cells, 

which do not demonstrate the Warburg effect (a high rate of glycolysis) typically seen in 

cancer cells, leading them to rely on increased lipid metabolism (73). Lipin 1 has been 
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found to be upregulated in several prostate cancer cell lines. In a PC-3 prostate cancer cell 

line, inhibiting lipin 1 led to a decreased cell proliferation rate; similar results were also 

found in a Hs578T line of breast adenocarcinoma cells (73). Lipin 1 silencing by RNAi 

also had a negative effect on cell migration in the PC-3 cell line (73). When lipin 1 and 

lipin 2 were both silenced, the inhibition of proliferation was increased over lipin 1 

silencing alone (73). When combined with rapamycin treatment, lipin 1 silencing almost 

completely prevented PC-3 and Hs578T cells from proliferating; combining propranolol 

(an inhibitor of the PAP activity of lipin) and rapamycin (an inhibitor of mTOR) had the 

same effect (73).  

 LPIN1 expression, as well as the expression of several other phospholipid synthesis 

genes, is also upregulated in basal-like triple-negative breast cancer (TNBC) cells (75). 

This upregulation has been shown to correlate with a poor prognosis for TNBC patients. 

Knocking down LPIN1 in these TNBC cells leads to cell death, apparently by inducing 

apoptosis (75). It is thought that the increase in apoptosis is caused by activation of the 

IRE1a-JNK pathway. These LPIN1 knockdown TNBC cells also showed a decrease in 

phospholipid synthesis in the absence of lipin 1, particularly synthesis of sphingomyelin, 

cardiolipin, and cholesteryl ester (75). Similarly, lipin 1 protein has been found to be 

upregulated in lung adenocarcinoma (LUAD) cells, and, as in TNBC patients, its 

upregulation correlates with poor prognosis (76). When LUAD cells were treated with 

shRNA to knock down lipin 1, the cells demonstrated an increase in apoptosis, 

dysregulation of autophagy, and increased ER stress (76). Silencing lipin 1 with shRNA 

and the inhibitor propranolol increased the sensitivity of LUAD cells to treatment with 

cisplatin, a common chemotherapy drug (76). 
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 Lipin 1 is known to be induced by hypoxia, a condition of low oxygen that is found in 

cancer cells as well as tissue ischemia, in an HIF (hypoxia-inducible factors)-mediated 

manner (74).  As cancer cells are proliferating in low oxygen conditions (caused by 

outgrowing their blood supply), they display an increase in lipid droplet accumulation 

resulting from increased de novo fatty acid synthesis as the cells shift towards an increased 

level of glycolysis; cancer cells also show an increased uptake of fatty acids and a reduction 

in b-oxidation of fatty acids (74). In order to avoid lipotoxicity as a result of these metabolic 

shifts, these cells must store these fatty acids as TAG, a process requiring lipin  (74). It has 

been shown that casein kinase 1 d (CKId) inhibits the activation of HIF-1 under conditions 

of low oxygen, and this in turn leads to a decrease in lipin 1 expression (74). Inhibiting 

CKId, in turn, was found to increase proliferation of cancerous cells in hypoxic conditions. 

These results indicate that in addition to its role in providing cancerous cells with 

membrane components, lipin 1 is also required for the adaptation of cancerous cells to low 

oxygen conditions (74).  

1.4.3. Liver disease 

 Within the liver, the lipin enzymes are crucial to the regulation of energy homeostasis. 

Their PAP activity is responsible for the esterification of fatty acids into TAG, which can 

be stored within the liver or secreted as very low density lipoproteins (VLDL) to be used 

as an energy source in the peripheral tissues during fasting conditions (77). In addition, as 

discussed above, lipin is a coactivator of PPARa and PGC-1a, both of which increase the 

expression of genes that promote fatty acid oxidation (77). Both PGC-1a and hepatocyte 

nuclear factor 4a (HNF4a)  have been shown to regulate the expression of LPIN1 in 

HepG2 cells (77). HNF4a is the main transcriptional regulator of hepatic gene expression, 
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controlling expression of enzymes involved in fatty acid oxidation and VLDL metabolism 

as well as mediating the hepatic fasting response (77). In addition, overexpression of lipin 

1 leads to a modulation of the effects of HNF4a, promoting its fatty acid oxidation effects 

while decreasing its effects on apolipoprotein synthesis genes, leading to an increase in 

lipid catabolism (77). 

 The lipin enzymes are also thought to play a role in hepatic steatosis, a condition in 

which lipids accumulate in the parenchymal cells of the liver, due to their effects on TAG 

synthesis (18). Hepatic steatosis is an advanced form of both non-alcoholic fatty liver 

disease (NAFLD), which is common in obese individuals and is becoming a major cause 

of liver disease in the US, and alcoholic fatty liver disease (AFLD), further discussed below 

(18). The majority of PAP activity in the liver is encoded by lipin 2, but hepatic lipin 1 

expression is upregulated by such stimuli as fasting, ethanol consumption, and 

glucocorticoid administration; this is likely due to the need to increase hepatic triglyceride 

synthesis in these conditions (18). Mice who express a liver-specific truncated lipin 1 

protein that has no PAP activity but is still able to co-activate PPARa had no change in 

their ability to synthesize triglycerides or in their hepatic TAG levels, even when hepatic 

steatosis was induced with a high-fat diet (18). These mice demonstrated an increase in 

hepatic expression of lipin 2, the lipin enzyme that is most highly expressed in the liver in 

normal conditions, and so were able to carry out the PAP reaction in the liver, albeit at 

<50% of normal rates (18). From these results, the authors concluded that lipin 1’s role as 

a transcriptional regulator, which was intact in these mice, may be as crucial as its PAP 

activity in hepatic TAG synthesis (18). 
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 Lipin 1 also plays a role in AFLD. Patients with alcoholic liver disease have hepatic 

inflammation and liver injury, which can progress to cirrhosis and liver failure and can be 

fatal (78). Lipin 1 mRNA expression has been shown to be upregulated in AFLD, 

accompanied by an increase in intrahepatic lipid accumulation (79) (80). However, results 

of studies of the effect of lipin 1 on AFLD have been mixed. A 2013 study by Hu et.al. 

found that chronic ethanol exposure in mice with a liver-specific Lpin1KO lipin 1 knockout 

led to an increase in hepatic TAG accumulation and a worsening of liver injury when 

compared with wild type mice, indicating that lipin 1 may play a protective role in AFLD 

(79). These knockout mice showed a decrease in PGC-1a and a corresponding decrease in 

PGC-1a target genes, indicating that it may be lipin 1’s role as a transcriptional regulator 

that is protective (79). This same study showed that liver-specific Lpin1KO mice showed 

an increase in pro-inflammatory cytokines and hepatic oxidative stress regardless of 

whether the mice were exposed to ethanol, pointing to a potential anti-inflammatory role 

of lipin 1 in the liver (79). Conversely, however, a 2016 study by Wang et.al. demonstrated 

that mice with a myeloid cell-specific knockout of lipin 1 showed less hepatic inflammation 

and liver injury than wild type mice after being subjected to a chronic + binge ethanol 

feeding protocol; however, steatosis was not affected (78). These results point to possible 

cell type-specific roles of lipin 1 in the inflammatory process.   

 Lastly, lipin 1 may also mediate the development of liver fibrosis as a result of chronic 

liver inflammation or injury. Liver injury leads to the activation of hepatic stellate cells 

(HSCs); in a healthy liver, these cells are storage depots for vitamin A and lipid droplets, 

but upon activation, they produce the extracellular matrix proteins and a-smooth muscle 

actin proteins that cause fibrosis (81). Quiescent HSCs have been shown to express high 
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levels of lipin 1, while lipin 1 expression is downregulated in activated HSCs; this is 

regulated by transforming growth factor b (TGF-b), which promotes downregulation of 

lipin 1 via the ubiquitin-proteasome system (81). This study also found that treatment of 

HSCs with ectopic lipin 1 decreased TGF-b-mediated fibrogenesis, and this effect was 

increased when HSCs were treated with both ectopic lipin 1 and resveratrol, a natural 

antioxidant that has shown promise in treating liver injury (81). The authors suggested that 

lipin 1 may be a potential therapeutic target in liver fibrosis (81). 

1.4.4. Inflammation and atherosclerosis  

 Lipin 1 is also involved in the macrophage-mediated inflammatory responses 

implicated in atherosclerosis (82) (83). Atherosclerosis results from the creation of foam 

cells by the internalization of modified low-density lipoproteins (modLDL) by 

macrophages, leading to inflammation (83). It has been shown that lipin 1 contributes to 

the glycerolipid synthesis needed for modLDL to be converted to foam cells (82) (83). 

When mice with a myeloid cell-specific loss of lipin 1 were fed a high fat diet, they showed 

reduced rates of atherosclerosis when compared with controls, as well as lower levels of 

circulating TNF-a (tumor necrosis factor a), an inflammatory cytokine (83). It appears that 

lipin 1 modulates foam cell formation by regulating a DAG-mediated signaling cascade 

that leads to macrophages responding to and engulfing modLDL (83). 

1.5. Posttranslational Modifications 

1.5.1. Phosphorylation 

 As discussed above, the localization and activation of lipin is determined largely by its 

phosphorylation state. Phosphorylated lipin is found primarily in the cytosol, while 

dephosphorylated lipin is found primarily in the membrane fraction (48). Because the PAP 
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reaction occurs at the ER membrane, phosphorylation deactivates lipin by preventing its 

association with the ER membrane (33) (48). Mammalian lipin has multiple 

phosphorylation sites, and its phosphorylation has been shown to be dependent on the 

insulin and mTOR signaling pathways (33) (48) (84). At least 25 phosphorylation sites in 

lipin 1 have currently been identified, and a number of potential kinases have been 

proposed (48) (33) (85). A study performed with a murine lipin 1 enzyme that had 21 

serine/threonine phosphorylation sites mutated to alanine showed that this 21xA mutant 

had similar activity as lipin 1 that had been dephosphorylated by l-phosphatase, indicating 

that phosphorylation is a major regulator of PAP activity (85). Lipin is dephosphorylated 

in mammals by the Dullard-TMEM188 complex (also known as CTDNEP1-NEP1R1) 

(86).  

 In addition to controlling subcellular localization of lipin, phosphorylation also affects 

lipin’s ability to recognize and bind to PA. Lipin 1 has been shown to have greater affinity 

for the di-anionic form of PA (85). PA, a phosphomonoester, has a second pKa within the 

physiologic range; hydrogen bonding within the phospholipid bilayer results in the 

deprotonation of the phosphate of PA and creates a charge of -2 at the PA head group. This 

hydrogen bonding within the phospholipid bilayer is affected by bilayer composition, 

specifically the ratio of PC to PE (85) (87). Lipin’s greater affinity for di-anionic PA, 

therefore, means that lipin 1 binding and activity can be affected by both membrane 

composition and intracellular pH. Phosphorylation of lipin 1 has been proposed to decrease 

lipin activity both by preventing it from recognizing this di-anionic PA and by inhibiting 

the PA-binding region found in the polybasic domain of lipin 1. Interestingly, it has been 

shown that obesity increases the ratio of PC to PE at the ER membrane (from 1.3 to 2.0); 
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this may alter the charge of PA and lead to aberrations in lipin 1 localization and function 

(85) (88).  

 As discussed above, mammalian lipin 1 has multiple phosphorylation sites, two of 

which (Ser-106 and Ser-472) have been shown to be affected by mTOR. However, because 

inhibition of mTOR leads to a significant increase in lipin 1 activity, it is unclear whether 

these other putative phosphorylation sites play a large role in localization of lipin 1 (85). 

In addition, a lipin 1 protein that has had all of its known phosphorylation sites mutated 

showed a similar kcat to a lipin 1 protein that had only its mTOR phosphorylation sites 

mutated, indicating that mTOR may be the most important kinase affecting lipin 1’s PAP 

activity (85).  

 Lipin 1 contains a serine-rich domain, located from residues 218-260 in murine lipin 

1a and from residues 251-293 in murine lipin 1b, that contains a number of putative 

serine/threonine phosphorylation sites (34). This region has been shown in lipin 1a to be 

phosphorylated in response to insulin, although the kinase involved is not currently known 

(34). Phosphorylation of this serine-rich domain leads to interaction of lipin 1a with 14-3-

3 proteins, a class of ubiquitously expressed proteins that bind to phosphoserine and 

phosphothreonine proteins and have roles in cell signaling, control of the cell cycle, 

apoptosis, and cellular stress response (34). This interaction with 14-3-3 promotes cytosolic 

retention of lipin 1a, preventing its association with membranes (34).   

1.5.2. Acetylation 

 In addition to phosphorylation, recent research has shown that lipin 1 is also regulated 

by acetylation. This acetylation is done by the catalytic subunit of the NuA4 

acetyltransferase complex, HIV-1 Tat-interacting protein 60 kDa (Tip60) (89). An 
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experiment with mice who express an S86A mutation in Tip60 (Tip60SA/SA) that results in 

a less active form of the protein show significant decreases in adiposity, particularly when 

fed a high-fat diet (89). Interestingly, Tip60SA/SA mice fed a high-fat diet appear to also be 

resistant to developing hepatic steatosis, and, when compared to wild-type mice on the 

same high-fat diet, had improved glucose and insulin sensitivity, lower respiratory 

exchange ratio, and increased energy expenditure (89). Additionally, lactating Tip60SA/SA 

females are unable to produce milk with enough TAG content for their pups to survive, 

indicating a need for Tip60 in TAG synthesis (89). It appears that Tip60-mediated 

acetylation is necessary for lipin 1 to be able to translocate to the ER membrane; this 

acetylation may cause a disorder-to-order shape change in lipin 1 that allows membrane 

interaction (89).  

1.6. Lipin in Yeast 

1.6.1. Yeast Pah1        

 In yeast, the ortholog of lipin, Pah1, has been extensively studied. It was the discovery 

by Han et.al. in 2006 that the yeast gene PAH1 encoded a PAP enzyme that led to the 

identification of the lipins as the enzymes responsible for carrying out the PAP reaction in 

mammals (11). Unlike in mammals, yeast has only one lipin homolog protein. Structurally, 

yeast Pah1 shows some homology with mammalian lipin in that both enzymes have 

conserved NLIP (NH2-terminal) and CLIP (COOH-terminal) domains (31) (40); also, both 

the mammalian and yeast enzymes contain a catalytic DXDXT region within an HAD-like 

domain (11) (31). Yeast Pah1 has been shown to be inhibited by sphingoid bases, ATP, 

and CTP (48) (90), while its activity is increased via lowering of its Km by PI, CL, and 

CDP-DAG (48) (91). 
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 The role of Pah1 varies according to phases of the yeast cell cycle. During the 

exponential phase of growth, it shows fairly low activity, with PA going mainly to form 

phospholipids via CDP-DAG (92) (93) (94). However, during the stationary phase of 

growth, its activity is higher, with PA going mainly to form TAG via DAG (92) (95). By 

regulating the cellular pool of PA, Pah1 also controls other phospholipid synthesis genes 

(48) (96) (97) (98) (99) (100).   

 As in mammals, yeast Pah1 also has a role in transcriptional regulation. The promoter 

element UASINO controls transcription of the genes for enzymes involved in the Kennedy 

pathway and the CDP-DAG pathway (101) (102), and this promoter element is regulated 

by levels of PA and therefore by Pah1 (16) (103). Decreases in the levels of PA in the cell 

lead to the translocation of the PA-binding protein Opi1 into the nucleus; this translocation 

then leads to a repression in UASINO-dependent genes. In addition to being controlled by 

PA levels, the UASINO pathway is also controlled by the phosphorylation state of Pah1, 

with the dephosphorylated active form of Pah1 causing a decrease in PA leading to the 

repression of UASINO genes (16) (104). This is because a decrease in PA allows Opi1 to 

enter the nucleus to bind to Ino2 and thus repress expression of the genes (103) (104).  

1.6.2. Phosphorylation of Pah1 

 In Saccharomyces cerevisiae, Pah1 is phosphorylated by multiple kinases, including 

Cdc28-cyclin B, Pho85-Pho80, PKA (protein kinase A), CKII (casein kinase II), and PKC 

(protein kinase C) (48) (105) (106) (107), and at least 30 phosphorylation sites have been 

identified (92) (108) (109) (110). Phosphorylation has an inhibitory effect on the enzyme, 

while dephosphorylation by the Nem1-Spo7 phosphatase complex activates it (92) (104). 

As with the mammalian enzyme, this inhibition and activation is based on subcellular 
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localization, with the phosphorylated form of the enzyme being unable to associate with 

the ER membrane where the PAP reaction takes place. It has been shown that yeast cells 

lacking the Nem1-Spo7 phosphatase complex show a phenotype similar to that of Pah1 

knockout cells described below (48) (104), indicating that the inability to dephosphorylate 

the enzyme has a similar effect in vivo as the complete knockout of the PAH1 gene. 

Phosphorylation also controls stability of Pah1, with the dephosphorylated form of the 

enzyme showing higher susceptibility to degradation by the 20S proteasome (92). It is 

thought that phosphorylation causes the enzyme to assume a more structured shape, since 

the phosphorylation target sites are located in unfolded regions of the protein and these 

regions are known to be more susceptible to degradation (92). However, it has also been 

found that phosphorylation by PKC has the opposite effect of phosphorylation with PKA, 

CKII, Pho85-Pho80, and Cdc28-cyclin B; phosphorylation with PKC increases 

susceptibility of the enzyme to degradation by the 20S proteasome (92).  

1.6.3. pah1D mutations in yeast 

 In yeast, Pah1 mutants (pah1D) show altered lipid metabolism. Levels of PA, PI, and 

PE increase, while levels of PC, DAG, and TAG decrease (11) (31) (95). As a result, these 

cells display multiple phenotypic abnormalities. Increased phospholipid synthesis and PA 

levels lead to expansion of the nuclear and ER membranes (31) (104) (111), which is 

rescued by the loss of the DGK1 gene, which catalyzes the conversion of DAG to PA (94) 

(112) (113) (114). Lipid droplet formation is decreased as a result of the repression of TAG 

synthesis (86) (94) (113). Additionally, pah1D cells have shorter life spans than WT cells 

(115), and show an increased sensitivity to oxidative stress and FA toxicity (94) (115). 

Pah1D cells are less able than WT cells to grow at high temperatures or on non-fermentable 
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carbon sources (11) (104) (116). Lastly, pah1D cells demonstrate deficiencies in 

autophagy, cell wall integrity, and vacuole fusion (117) (118) (119) (120) (121).  

1.7. Purpose of Current Work 

 As discussed above, lipin 1 plays a critical role in lipid metabolism. By catalyzing the 

conversion of PA to DAG, it controls a major metabolic branchpoint. Because it influences 

TAG synthesis, it is an emerging target of obesity research. It has been implicated in such 

diverse disease states as diabetes, cancer, and atherosclerosis. The phenotypic severity of 

mutations in lipin proteins points to its central role not only in adipose tissue, but in whole-

body metabolic homeostasis. 

 Although it is known that the subcellular localization of lipin 1 is largely controlled by 

phosphorylation, it is not known what kinases, other than mTOR, phosphorylate lipin 1. 

We hypothesized that lipin 1b would be phosphorylated by additional protein kinases, and 

that this phosphorylation would affect subcellular localization and, subsequently, PAP 

activity of lipin 1b. Previous work has shown that lipin 1a contains a serine-rich domain 

that is phosphorylated by an unknown kinase, and that this phosphorylation leads to 

interaction with 14-3-3 proteins and subsequent cytoplasmic retention of lipin 1a. We 

chose to focus on lipin 1b because it is the predominant lipin 1 isoform in adipocytes, and 

because we hypothesize that the serine-rich domain of lipin 1b would also be a target for 

phosphorylation as it is in lipin 1a. Three of the residues within the serine-rich domain of 

lipin 1a that have been shown to be required for interaction with 14-3-3 proteins (Ser-252, 

Ser-254, and Ser-260) are found within casein kinase II (CKII) motifs. Accordingly, we 

hypothesized that lipin 1b (where the corresponding residues Ser-285, Ser-287, and Ser-

293 are also found within CKII motifs) would be phosphorylated by CKII.  
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 

2.1. Materials 

            All chemicals were reagent grade. CKII was purchased from New England 

BioLabs. Peptides were prepared by EZ BioLabs. Radiochemicals were purchased from 

PerkinElmer Life Sciences and National Diagnostics. Nitrocellulose paper and P81 

phosphocellulose paper were purchased from Sigma-Aldrich and Whatman, respectively. 

Markers used in electrophoresis were purchased from Bio-Rad and Sigma-Aldrich. Bio-

Rad was the source of the electrophoresis kits and Coomassie Brilliant Blue stain. PKA 

was purchased from Promega. CKI was purchased from ThermoFisher Scientific. PKC was 

purified from S. cerevisiae as described previously (122). Cellulose thin-layer 

chromatography plates and L-1-tosylamido-2-phenylethyl chloromethyl ketone trypsin 

used in phosphopeptide mapping were purchased from Merck and Sigma-Aldrich, 

respectively.  

2.2. Purification of Lipin 1b Proteins 

            Lipin 1b proteins (wild type, S285A mutant, and S285A/S287A mutant) were 

purified by our collaborators, Mitchell Granade and Thurl Harris at the University of 

Virginia, using FLAG immunoprecipitation as described elsewhere (123). HeLa cells 

(human cervical cancer cells) were cultured in DMEM for 48-72 hours and infected with 

FLAG-tagged lipin constructs via an adenovirus vector (123). Cells were harvested, 

homogenized, and centrifuged, and the resulting lysates were incubated with FLAG beads 

for 4 hours (123). Beads were then separated, incubated in phosphatase buffer with or 

without  l protein phosphatase, loaded onto an affinity column, and washed 10 times in 
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buffer (123). To elute the lipin 1b proteins, five additions of FLAG peptide were 

performed, and the proteins were dialyzed without detergent (123). To determine protein 

concentrations, purified lipins were run on an SDS-polyacrylamide gel with bovine serum 

albumin standards and then stained with Coomassie Blue dye (123).  

 The S285A and S285A/S287A mutations were made using PCR site-directed 

mutagenesis in the pcDNA3 vector with a FLAG-tagged lipin 1b insert. The mutagenesis 

was confirmed by sequencing with a reverse primer starting at position 1400 in the lipin 

1b sequence. Next, the mutated lipin 1b was placed into an adenoviral vector, using 

recombination between the pAdTRACK-CMV shuttle vector and pAdEasy; this produced 

the adenovirus used for expression and purification.  

2.3. Phosphorylation Reactions  

            The protocol for phosphorylation reactions has been described previously (107) 

(122). Phosphorylation reactions were performed by analyzing the amount of radiolabeled 

phosphate transferred from [g-32P]ATP to the substrate by the relevant enzyme. For CKII, 

the reaction mixture contained a buffer (25 mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 10 

mM b-mercaptoethanol) and indicated amounts of lipin 1b or peptide, CKII, and [g-

32P]ATP in a total volume of 20 µL. For PKA, the reaction mixture contained a buffer (25 

mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 10 mM b-mercaptoethanol), 100 µM peptide, 

indicated amounts of PKA, and 100 µM [g-32P]ATP (2000 cpm/pmol) in a total volume of 

20 µL. For PKC, the reaction mixture contained a buffer (25 mM Tris-HCl [pH 7.5], 10 

mM MgCl2, 10 mM b-mercaptoethanol, 5 mM PS, and 150 µM DG), 100 µM peptide, 2.5 

ng PKA, and 100 µM [g-32P]ATP (2000 cpm/pmol) in a total volume of 20 mL. For CKI, 

the reaction mixture contained a buffer (25 mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 10 
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mM b-mercaptoethanol), 100 µM peptide, 6.5-22.6 ng CKI, and 100 µM [g-32P]ATP (2000 

cpm/pmol) in a total volume of 20 µL. 

 For each reaction, tubes were equilibrated in a water bath at 30°C for at least five 

minutes. At set intervals, enzyme was added to each tube to start the reaction, and the 

reaction was run in a water bath at 30°C for 15 minutes (unless otherwise indicated). The 

reaction was terminated by transferring 15 µL from each reaction to paper (nitrocellulose 

paper was used for full-length lipin 1b and P81 phosphocellulose paper was used for 

peptides). This paper was allowed to dry for at least 15 minutes, and then was washed in a 

75 mM phosphoric acid buffer to remove excess radiation. The buffer was changed at 2 

minutes, 4 minutes, 30 minutes, and 60 minutes. After 60 minutes, the paper was added to 

scintillation vials with 4 mL of scintillation fluid added to each vial. The vials were then 

counted in a scintillation counter (Beckman), which determined radioactivity in counts per 

minute (cpm).  

 Alternatively, to stop the reaction, 5 µL of protein sample buffer (8% SDS, 4% b-

mercaptoethanol, 240 mM Tris-HCl [pH 6.8], 0.004% bromophenyl blue, 40% glycerol) 

was added to each reaction tube. Samples were boiled for 5 minutes and centrifuged for 1 

minute. Samples were then loaded onto the gel and run in a running buffer (0.025 M Tris, 

1% SDS, 0.192 M glycine) at 35 milliamperes per gel for approximately 1 hour. Gels were 

imaged using a PhosphorImager (GE Storm 685) after exposing films to the gels (GE 

Healthcare Storage Phosphorscreen).  

           SDS-PAGE (polyacrylamide gel electrophoresis) gels were prepared using ddH20, 

Tris-HCl (1.5 M, pH 8.8 for separating gel; 1.0 M, pH 6.8 for stacking gel), 10% SDS, 

40% acrylamide (37.5:1), 10% ammonium persulfate, and TEMED. Gels were prepared to 
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1.5 mM thick and either 8% (full-length lipin 1b) or 19% (peptides) polyacrylamide. Gels 

were run using a Bio-Rad Mini-PROTEAN Tetra Cell 2-gel system.  

2.4. Analysis of Phosphopeptides 

 The methods used for phosphopeptide analysis has been described elsewhere (107) 

(122). Briefly, phosphorylated lipin 1b samples were resolved by SDS-PAGE, transferred 

to a polyvinylidene difluoride membrane, and proteolytically cleaved using L-1-

tosylamido-2-phenylethyl chloromethyl ketone-trypsin. These trypsin digests were then 

separated on cellulose plates, first by electrophoresis (Pharmacia Biotech Multiphor II) and 

then by thin-layer chromatography. Radioactive phosphopeptides were then visualized by 

phosphorimaging analysis.   

2.5. Statistical Analysis 

 Statistics were performed using SigmaPlot software. All data is presented as mean ± 

standard deviation (S.D.). Kinetic data were analyzed according to the Michaelis-Menten 

equation using the enzyme kinetics module of SigmaPlot. 
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CHAPTER 3 
 

RESULTS 
 
3.1. Lipin 1b is a substrate for CKII  

 Our work focuses on the phosphorylation and subsequent regulation of lipin 1b.  It 

is known that subcellular localization of lipin and its resulting ability to carry out the PAP 

reaction is determined by its phosphorylation state (48) (33) (85). Mammalian lipin 1 has 

been shown to have multiple phosphorylation sites (33), but the identity of the kinases that 

phosphorylate these sites is largely unknown.  A bioinformatics analysis of lipin 1b 

indicates that the protein is phosphorylated by a plethora of protein kinases (124). Of these 

putative kinases, CKII was found to have a relatively high probability of phosphorylating 

lipin 1b (124). Accordingly, we chose to examine phosphorylation of lipin 1b with this 

protein kinase.  For these experiments, we obtained a preparation of lipin 1b from our 

collaborators Mitchell Granade and Thurl Harris.  SDS-PAGE analysis showed that the 

preparation of lipin 1b used in this work is highly purified (Fig. 6).  The phosphorylation 

of lipin 1b by CKII was examined by following the incorporation of radioactive g-

phosphate from [g-32P]ATP into the protein, and the product of the phosphorylation 

reaction was analyzed by SDS-PAGE.  Phosphorimaging analysis of the polyacrylamide 

gel showed that CKII phosphorylated lipin 1b, and that the amount of phosphorylation was 

dependent on the amount of lipin 1b in the reaction (Fig. 7). The same experiment was 

performed with a lipin 1b preparation that was treated with l phosphatase, which was used 

to remove phosphates from sites that might be endogenously phosphorylated. There was 

no  difference between  the phosphorylation  of the  l phosphatase-treated  and  -untreated  
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Figure 6.  SDS-PAGE of purified lipin 1b. Samples of purified lipin 1b, S285A lipin 

1b, and S285A-S287A lipin 1b were subjected to SDS-PAGE and stained with 

Coomassie blue. The position of the purified lipin 1b is indicated. Lipin 1b proteins and 

gel images supplied by Thurl Harris and Mitchell Granade. 
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Figure 7. SDS-PAGE of phosphorylation of lipin 1b by CKII. Lipin 1b (0, 50, 100, 

200, and 300 ng) was phosphorylated by 0.02 µg of CKII with 50 µM [g-32P]ATP (8000 

cpm/pmol) for 15 min at 30°C.  Following the kinase reaction, lipin 1b was separated 

from ATP and CKII by SDS-PAGE and subjected to phosphorimaging analysis. The 

position of phosphorylated lipin 1b is indicated by the arrow.  The data are representative 

of three experiments. 
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preparations (data not shown). Thus, any endogenous phosphorylations did not interfere 

with the in vitro phosphorylation of lipin 1b by CKII.   

 With confidence that lipin 1b is phosphorylated by CKII, we next characterized this 

phosphorylation by analyzing the 32P-labeled product on nitrocellulose paper. Following 

each  reaction, the 32P-labeled peptide  was trapped on  nitrocellulose filter paper followed  

by washing with phosphoric acid to remove the unreacted [g-32P]ATP.  The filter paper 

was then subjected to scintillation counting and the radioactivity on the paper was used to 

calculate the moles of phosphate incorporated into the peptide. The phosphorylation of 

lipin 1b by CKII was characterized in detail to confirm that lipin 1b is a bona fide substrate 

of CKII.  Indeed, the CKII activity was dependent on the amount of CKII (Fig. 8),  the 

time of the reaction (Fig. 9), the concentrations of ATP (Fig. 10) and the amount of lipin 

1b   (Fig. 11).  Analysis of the data for ATP according to the Michaelis-Menten equation 

yielded a Vmax and Km values, respectively, of 0.38 ± 0.03 nmol/min/mg and 1.8 ± 0.7 µM.  

The amount of lipin 1b was limited and data at concentrations needed to saturate the 

reaction were not obtained (Fig. 11).   

3.2. Bioinformatics analysis of the lipin 1b serine-rich domain for    

putative protein kinases 

 The serine-rich region of lipin 1b contains a number of putative serine/threonine 

phosphorylation sites, and has been shown to be important in subcellular localization (34) 

(31). Previous work performed on lipin 1a, in which the serine-rich domain is located from 

residues 218-260, has shown that this region is phosphorylated in response to insulin, and 

this phosphorylation leads to interaction with 14-3-3 proteins and subsequent cytoplasmic 

retention  of lipin 1a  (34). In lipin 1b,  this  region is located  from residues  251-293, and  
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Figure 8. Effect of the amount of CKII on the phosphorylation of lipin 1b. The 

phosphorylation of lipin 1b by CKII was measured with the indicated amounts of the 

protein kinase, 2.5 ng of lipin 1b, and 50 µM [g-32P]ATP for 15 min at 30°C.  The 

phosphorylation was monitored by following the incorporation of the radioactive g-

phosphate from ATP into the protein.  The reaction mixtures were spotted onto 

nitrocellulose paper, which was washed with 75 mM phosphoric acid and subjected to 

scintillation counting.  The data shown are means ± S.D. (error bars) from triplicate 

assays. 
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Figure 9. Effect of time on the phosphorylation of lipin 1b by CKII.  The 

phosphorylation of 2.5 ng of lipin 1b by 0.2 µg CKII and 50 µM [g-32P]ATP was 

measured for the indicated time intervals at 30°C.  The phosphorylation was monitored 

by following the incorporation of the radioactive g-phosphate from ATP into the protein.  

The reaction mixtures were spotted onto nitrocellulose paper, which was washed with 

75 mM phosphoric acid and subjected to scintillation counting.  The data shown are 

means ± S.D. (error bars) from triplicate assays. 
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Figure 10.  Effect of the concentration of ATP on the phosphorylation of lipin 1b. 

The phosphorylation of 2.5 ng of lipin 1b by 0.2 µg of CKII and [g-32P]ATP was 

measured with the indicated concentrations of ATP. Reactions were run for 15 minutes 

at 30°C.  The phosphorylation was monitored by following the incorporation of the 

radioactive g-phosphate from ATP into the protein.  The reaction mixtures were spotted 

onto nitrocellulose paper, which was washed with 75 mM phosphoric acid and subjected 

to scintillation counting.  The data shown are means ± S.D. (error bars) from triplicate 

assays. 

 
 
 
 
 
 
 
 
 
 



 46 

 

 

 

Figure 11. Effect of the amounts of lipin 1b on the phosphorylation by CKII. The 

phosphorylation of  lipin 1b by 0.2 µg of CKII and 50 µM [g-32P]ATP was measured 

with the indicated amounts of  lipin 1b.  Reactions were run for 15 minutes at 30°C. The 

phosphorylation was monitored by following the incorporation of the radioactive g-

phosphate from ATP into the protein.  The reaction mixtures were spotted onto 

nitrocellulose paper, which was washed with 75 mM phosphoric acid and subjected to 

scintillation counting.  The data shown are means ± S.D. (error bars) from triplicate 

assays. 
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Figure 12. Sequence of murine lipin 1b with the synthesized portion of the serine-

rich domain underlined, and alignment of this region with murine lipin 1a. The 

region used to synthesize the 22-residue peptide of lipin 1b is designated in bold letters 

with putative phosphorylation sites in red (upper).  Lipin 1a is aligned with lipin 1b to 

show the conserved residues in the serine-rich region (lower).  The serine residues shown 

in red for lipin 1a are phosphorylated by an unknown protein kinase, whereas the 

residues shown in red for lipin 1b are phosphorylated by CKII (this work).  
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includes seven putative serine/threonine phosphorylation sites: Ser-281, Thr-282, Ser-285, 

Ser-287, Ser-291, Ser-293, and Thr-298 (Fig. 12). To examine the serine-rich domain of 

lipin 1b, we specifically selected the stretch of amino acids from residues 271-310 (Fig. 

12). Using the Phosphomotif Finder from the Human Protein Reference Database 

(http://www.hprd.org/PhosphoMotif_finder) (125) and the NetPhos program from the 

Center for Biological Sequence Analysis (http://www.cbs.dtu.dk/services/NetPhos/) (124), 

a number of putative kinases, common between both programs, were found (Table 1). A 

22-residue peptide with the sequence RPSTPKSDSELVSKSADRLTPK (residues 279-

300; hereafter referred to as WT peptide) was synthesized by EZ Biolabs and used for 

examination of phosphorylation.  

3.3. A 22-residue peptide is a substrate for CKII and PKA, but not for 

CKI or PKC 

 Of the protein kinases that are predicted to phosphorylate the lipin 1b WT peptide, 

PKA, PKC, CKI, and CKII are widely expressed mammalian serine/threonine protein 

kinases.  We questioned whether these kinases phosphorylate the WT peptide by following 

the incorporation of the g-phosphate of [g-32P]ATP into the WT peptide.  Following the 

reaction, the 32P-labeled peptide was trapped on P81 phosphocellulose filter paper followed 

by extensive washing with phosphoric acid to remove the unreacted [g-32P]ATP.  The filter 

paper was then subjected to scintillation counting and the radioactivity on the paper was 

used to calculate the moles of phosphate incorporated into the peptide.  The WT peptide 

was shown to be phosphorylated by PKA and CKII, but not by CKI or PKC (Fig. 13).  

Because we had already shown that lipin 1b is a substrate for CKII, we chose to 

characterize the CKII phosphorylation of the peptide in detail.  Characterization of the PKA 
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phosphorylation of the peptide, along with the evaluation of other protein kinases that were 

found to have a high probability of phosphorylating the serine-rich region of lipin 1b, were 

not addressed in this thesis.  

3.4. Characterization of phosphorylation of WT peptide by CKII 

 The phosphorylation of the WT peptide by CKII was characterized in detail.  Under 

the conditions of our experiments, CKII activity was dependent on the amount of the 

protein kinase (Fig. 14) and the time of the reaction (Fig. 15).  Based on these experiments, 

subsequent phosphorylation reactions were routinely measured with 0.2 µg CKII and for 

15 min.  The CKII activity was also examined with respect to the concentrations of ATP 

(Fig. 16) and the WT peptide (Fig. 17).  In both cases, CKII activity followed typical 

saturation kinetics.  The kinetic data were analyzed according to the Michaelis-Menten 

equation using the Enzyme Kinetics module of Sigma Plot software.  This analysis yielded 

apparent Vmax and Km values, respectively, for ATP of 10.7 ± 0.8 nmol/min/mg and 6.2 ± 

1.5 µM, and for the WT peptide of 45 ± 5 nmol/min/mg and 146 ± 40 µM.  CKII catalyzes 

a Bi Bi reaction (e.g., two substrates and two products), and thus, determination of true 

kinetic constants would require an analysis of one substrate dependence at a series of 

concentrations of the other substrate (126).  Since this type of analysis was not conducted 

here, the kinetic constants obtained must be considered apparent values under the 

conditions employed.  Nonetheless, these data provided confidence that the WT peptide is 

a bona fide substrate for CKII. 
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Phosphorylation site 
 

Putative protein kinase 

Ser-281 PKC, GSK-3, CaM-II, PKA, CKI, DNAPK, CKII, CDK-5 
Thr-282 CDK-5, GSK-3, CaM-II, CKI, DNAPK, PKC, CKII, PKA 
Ser-285 CKII, CKI, PKA, PKC 
Ser-287 GSK-3, CKII, PKC, PKA 
Ser-291 CKII, GSK-3, CKI 
Ser-293 CKII 
Thr-298 GSK-3, CKI, CDK-5, PKC, PKA 

 
 

Table 1. Putative protein kinases determined for the known phosphorylation sites 

within the serine-rich domain of lipin 1b. The portion of the serine-rich domain (residues 

271-310) was analyzed by the Phosphomotif Finder and NetPhos programs, and the 

putative kinases predicted for each phosphorylation site are listed.  Kinases are listed in 

order of probability as determined by the NetPhos program. PKA, protein kinase A; PKC, 

protein kinase C; CaM-II, Ca2+/calmodulin- dependent protein kinase II; DNAPK, DNA-

dependent protein kinase; GSK-3, glycogen synthase kinase 3; CDK-5, cyclin-dependent 

kinase 5. 
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Figure 13.  Analysis of protein kinases for their ability to phosphorylate the serine-

rich lipin 1b WT peptide.  The 100 µM WT peptide was incubated with PKA, PKC, 

CKI, or CKII and [g-32P]ATP for 15 min at 30°C.  Following the incubation, the 

phosphorylation was monitored by following the incorporation of the radioactive g-

phosphate into the peptide.  The reaction mixtures were spotted onto P81 

phosphocellulose paper, which was washed with 75 mM phosphoric acid and subjected 

to scintillation counting.  The data shown are means ± S.D. (error bars) from triplicate 

assays. 
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Figure 14. Effect of the amount of CKII on the phosphorylation of WT peptide. The 

phosphorylation of 100 µM WT peptide by CKII was measured with the indicated 

amounts of the protein kinase and 100 µM [g-32P]ATP for 15 min at 30°C.  The 

phosphorylation was monitored by following the incorporation of the radioactive g-

phosphate from ATP into the peptide.  The reaction mixtures were spotted onto P81 

phosphocellulose paper, which was washed with 75 mM phosphoric acid and subjected 

to scintillation counting.  The data shown are means ± S.D. (error bars) from triplicate 

assays. 
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Figure 15. Effect of time on the phosphorylation of WT peptide by CKII.  The 

phosphorylation of the 100 µM WT peptide by  0.2 µg CKII and 100 µM  [g-32P]ATP 

was measured for the indicated time intervals at 30°C.  The phosphorylation was 

monitored by following the incorporation of the radioactive g-phosphate from ATP into 

the peptide.  The reaction mixtures were spotted onto P81 phosphocellulose paper, which 

was washed with 75 mM phosphoric acid and subjected to scintillation counting.  The 

data shown are means ± S.D. (error bars) from triplicate assays. 
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Figure 16. Effect of the concentration of ATP on the phosphorylation of WT 

peptide. The phosphorylation of the 100 µM WT peptide by 0.2 µg CKII and [g-32P]ATP 

was measured with the indicated concentrations of ATP.  Reactions were run for 15 

minutes at 30°C. The phosphorylation was monitored by following the incorporation of 

the radioactive g-phosphate from ATP into the peptide.  The reaction mixtures were 

spotted onto P81 phosphocellulose paper, which was washed with 75 mM phosphoric 

acid and subjected to scintillation counting.  The data shown are means ± S.D. (error 

bars) from triplicate assays. 
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Figure 17. Effect of the concentration of peptide on the phosphorylation of WT 

peptide by CKII. The phosphorylation of the WT peptide by 0.2 µg CKII and 100 µM 

[g-32P]ATP was measured with the indicated concentrations of the WT peptide. 

Reactions were run for 15 minutes at 30°C. The phosphorylation was monitored by 

following the incorporation of the radioactive g-phosphate from ATP into the peptide.  

The reaction mixtures were spotted onto P81 phosphocellulose paper, which was washed 

with 75 mM phosphoric acid and subjected to scintillation counting.  The data shown 

are means ± S.D. (error bars) from triplicate assays. 
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3.5. Mutagenesis of the 22-residue peptide identifies Ser-285 as the main  

site of phosphorylation by CKII 

 After determining that the WT peptide was indeed a substrate for CKII, we next 

wanted to determine which of the seven putative serine/threonine phosphorylation sites 

was being phosphorylated.  In order to determine this, fourteen variants of a 22-residue 

peptide that contained the seven sites (residues 279-300) were synthesized (EZ Biolabs). 

These variants included two groups of mutations: Group 1, in which six of the seven 

serine/threonine phosphorylation sites were changed to alanine and the remaining site was 

left available for phosphorylation; and Group 2, in which one phosphorylation site was 

changed to alanine and the remaining six sites were left intact (Fig. 18). A mutant peptide 

(referred to as 7A) was also synthesized in which all seven sites were changed to alanine; 

this peptide served as a negative control for phosphorylation. 

 Phosphorylation reactions were conducted with each of the 14 mutated versions of 

the 22-residue peptide. When the Group 1 peptides (one site intact) were phosphorylated 

by CKII, only two mutants, Ser-285 and Ser-287, showed any significant phosphorylation 

when compared with the WT peptide (Fig. 19). The CKII activity using the peptides with 

intact Ser-285 and Ser-287, respectively, was approximately 75% and 25% of the activity 

observed with the WT peptide.  When the Group 2 peptides (one site mutated) were 

phosphorylated by CKII, all of them showed some degree of phosphorylation when 

compared to WT except for S285A, which showed no phosphorylation (Fig. 20). These 

results indicate that Ser-285 is the main site of phosphorylation by CKII within the 22-

residue peptide, with Ser-287 also showing some degree of phosphorylation. 
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Figure 18. Sequence of mutant peptides used for phosphorylation experiments. Two 

groups of peptides were synthesized for mutagenesis experiments: Group 1, in which six 

of the seven putative serine/threonine phosphorylation sites were mutated to alanine, 

while the one remaining site was left intact; and Group 2, in which one of the seven 

phosphorylation sites was mutated to alanine, while the remaining six sites were left 

intact. A WT peptide (no mutations) and a 7A peptide (all seven sites mutated to alanine) 

were also synthesized.  
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Figure 19. Phosphorylation of Group 1 peptides by CKII.  The phosphorylation of 

the indicated 100 µM peptides by 0.2 µg CKII and 100 µM [g-32P]ATP was measured 

by following the incorporation of the radioactive g-phosphate from ATP into the peptide. 

Reactions were run for 15 minutes at 30°C.  The reaction mixtures were spotted onto 

P81 phosphocellulose paper, which was washed with 75 mM phosphoric acid and 

subjected to scintillation counting.  The levels of the peptide phosphorylation were 

normalized to the maximum phosphorylation of the WT peptide.  The data shown are 

means ± S.D. (error bars) from triplicate assays. 
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Figure 20. Phosphorylation of Group 2 peptides by CKII.  The phosphorylation of 

the indicated 100 µM peptides by 0.2 µg CKII and 100 µM [g-32P]ATP was measured 

by following the incorporation of the radioactive g-phosphate from ATP into the peptide. 

Reactions were run for 15 minutes at 30°C.  The reaction mixtures were spotted onto 

P81 phosphocellulose paper, which was washed with 75 mM phosphoric acid and 

subjected to scintillation counting.  The levels of the peptide phosphorylation were 

normalized to the maximum phosphorylation of the WT peptide.  The data shown are 

means ± S.D. (error bars) from triplicate assays. 
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3.6.  The effects of the S285A and S285A/S287A mutations on the   

phosphorylation of lipin 1b by CKII 

 We tested two mutated versions of full-length lipin 1b, one in which Ser-285 was 

mutated to alanine (S285A) and one in which both Ser-285 and Ser-287 were mutated to 

alanine (S285A/S287A), and compared their phosphorylation to WT lipin 1b. Increasing 

amounts of S285A, S285A/S287A, and WT lipin 1b were phosphorylated by CKII, spotted 

onto nitrocellulose paper, and subjected to scintillation counting. Based on the results 

obtained from the peptide mutagenesis experiments, described above, we expected that 

S285A lipin 1b would show a decrease in phosphorylation when compared with WT lipin 

1b. Unexpectedly, the S285A lipin 1b showed a greater degree of phosphorylation than its 

WT counterpart at each protein amount tested (Fig. 21).  Conversely, the S285A/S287A 

mutant showed a similar degree of phosphorylation as the WT.  

 Phosphopeptide mapping analysis was performed on the WT and phosphorylation-

deficient forms of lipin 1b (Fig. 22).  The map of the WT protein showed multiple 

phosphopeptides, indicating that there are more than two sites of phosphorylation by CKII 

within lipin 1b.  Two phosphopeptides (labeled as 7 and 10 in Fig. 22) present in the wild 

type protein were absent in both mutant proteins, but one phosphopeptide (labeled as 3 in 

Fig. 22) present in the mutants was absent in the wild type protein.  Based on the map of 

the S285A mutant, we concluded that the phosphopeptides labeled 7 and 10 likely contain 

Ser-285.  Since the same two phosphopeptides were missing from the map of the 

S285A/S287A double mutant and Ser-287 is close to Ser-285, it is likely that these peptides 

also contained Ser-287.     
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Figure 21. Effect of the amount of WT, S285A, and S285A/S287A lipin 1b on  

phosphorylation by CKII. The phosphorylation of WT, S285A, and S285A/S287A lipin 

1b  by 0.2 µg CKII and  50 µM [g-32P]ATP was measured with the indicated amounts of 

protein. Reactions were run for 15 minutes at 30°C. The phosphorylation was monitored 

by following the incorporation of the radioactive g-phosphate from ATP into the protein.  

The reaction mixtures were spotted onto nitrocellulose paper, which was washed with 75 

mM phosphoric acid and subjected to scintillation counting.  The data shown are means ± 

S.D. (error bars) from triplicate assays. 
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Figure 22.  Phosphopeptide mapping analysis of WT, S285A, and S285A/S287A 

lipin 1b. 100 ng of  WT, S285A, and S285A/S287A lipin 1b were phosphorylated with 

0.2 µg CKII and 50 µM [g-32P]ATP (10,000 cpm/pmol). The phosphorylated samples 

were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membrane.  

The 32P-labeled lipin 1b from the polyvinylidene difluoride membrane was subjected to 

phosphopeptide mapping.  The positions of the phosphopeptides that were absent in one 

map, but present in another map, are indicated by a dotted line circle.   
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CHAPTER 4 

 
DISCUSSION AND FUTURE WORK 

 
 Phosphorylation is a critical regulator of the subcellular localization of lipin, and, 

in turn, of its activity as a PAP enzyme. Phosphorylation increases the negative charge on 

lipin, thus decreasing its ability to interact with negatively charged membrane surfaces; 

therefore, phosphorylated lipin is retained in the cytoplasm (127). Because the PAP 

reaction takes place at the ER membrane, phosphorylation prevents lipin from carrying out 

the PAP reaction, effectively inactivating it (14) (32). In addition, the role of lipin as a 

transcriptional regulator requires it to be able to translocate to the nucleus, again requiring 

its dephosphorylation.  

 The importance of the phosphorylation state of lipin 1 is underscored in yeast, 

where Pah1, the yeast homolog of lipin, is dephosphorylated and therefore activated by the 

Nem1-Spo7 phosphatase complex. Cells lacking Pah1 (pah1D cells) show distinctive 

phenotypes, including aberrant nuclear/ER membrane expansion and dysregulation of 

phospholipid synthesis (104) (48) (112). These phenotypes are also exhibited in cells 

lacking the Nem1-Spo7 phosphatase complex, indicating that the inability to 

dephosphorylate Pah1 has similar consequences to the full loss of Pah1 (104) (48) (112). 

In addition, a mutant yeast cell in which seven serine/threonine phosphorylation sites in 

Pah1 that are known to be targeted by Pho85p-Ph080p are mutated to alanine has been 

shown to have PAP activity that is 1.8 times greater than a WT cell, again reiterating the 

importance of the phosphorylation state for the activity of the enzyme (128). In yeast, 

multiple kinases, including Pho85p-Pho80p (128), Cdc28-cyclin B (129), PKA (130), 
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CKII, and PKC (131), are known to phosphorylate Pah1; however, less is known about the 

phosphorylation of mammalian lipin 1. 

 In this work, we have demonstrated that lipin 1b is a substrate for the mammalian 

serine/threonine protein kinase CKII. This phosphorylation was time- and CKII-dependent 

and dependent on the concentrations of ATP and lipin 1b. This is a novel finding; to our 

knowledge, the only kinase that has conclusively been shown to phosphorylate lipin is 

mTORC1, which phosphorylates Ser-106 and Ser-472 (19) (33). Although it is known that 

mammalian lipin 1 contains at least 25 likely sites of phosphorylation, it was not previously 

known what kinases, other than mTORC1, are involved in its phosphorylation. The work 

presented here, that lipin 1b is phosphorylated by CKII, increases our understanding of the 

regulation of this important PAP enzyme. CKII is a ubiquitously expressed mammalian 

serine/threonine protein kinase, and has three phosphorylation motifs: (S/T)XX(E/D), 

(S/T)X(E/D), and (S/T)(E/D) (132). 

 As discussed above, it is known that mammalian lipin is a target of the mTOR 

pathway, and that Ser-106 is phosphorylated by mTORC1. mTOR is a downstream target 

of insulin, and insulin stimulation has been shown to increase the phosphorylation of lipin 

(33). However, it is unlikely that Ser-106 is the only insulin-mediated phosphorylation site 

within lipin 1. Experiments comparing a WT lipin 1 protein and an S106A mutant lipin 

showed that upon insulin stimulation, the increase in phosphorylation was only slightly 

lower in the S106A mutant than in the WT, indicating that there must be other sites that 

are phosphorylated in response to insulin (33). In the future, it would be interesting to 

examine whether phosphorylation of lipin 1b by CKII is increased in response to insulin, 

as CKII has also been shown to be a target of insulin in adipocytes (34,133,134).  
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 In this work, we do not examine the effects of CKII phosphorylation on the 

subcellular localization or PAP activity of lipin 1b. Future work will seek to determine 

whether phosphorylation by CKII affects these attributes, and whether the mutation of Ser-

285  and Ser-287 to alanine would abolish these effects. Entering the sequence for murine 

lipin 1b into the NetPhos program indicated that there are a total of 156 predicted 

serine/threonine CKII phosphorylation sites, so it is likely that there are sites other than 

Ser-285 and Ser-287 being phosphorylated by CKII in the full-length protein (124). The 

phosphopeptide mapping analysis of the WT protein supports the assertion that there are 

additional sites.  The identity of these sites and their importance will require additional 

studies.  

 After determining that full-length lipin 1b was a substrate for CKII, we next 

examined a 22-residue peptide that makes up part of lipin 1b’s serine-rich domain. The 

serine-rich domain has been shown to be important in subcellular localization, as sites 

located within this domain interact with 14-3-3 protein and promote cytosolic retention of 

lipin 1 (34). We determined that the 22-residue WT peptide is also a substrate for CKII, 

and as with full-length lipin 1b, the phosphorylation was shown to be dependent on the 

concentrations of ATP and WT peptide, as well as time- and CKII-dependent. The activity 

of CKII using the WT peptide followed typical saturation kinetics, and we were able to 

determine Michaelis-Menten constants for the reaction.  The Km value for ATP (6.2 ± 1.5 

µM) was in the range of that determined for full-length lipin 1b (1.8 ± 0.7 µM); these values 

are also in the range of the Km value for ATP when the yeast homolog of lipin, Pah1, is 

phosphorylated by CKII  (107).  Unfortunately, we did not have sufficient full-length 

protein to saturate the CKII reaction for determination of kinetic constants. 
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 Lastly, we demonstrated that Ser-285 and Ser-287 within the 22-residue peptide are 

major sites for CKII phosphorylation. In order to determine this, we used a novel 

mutagenesis approach, in which two groups of peptides were synthesized: one group in 

which one of seven serine/threonine phosphorylation sites was left intact, and a second 

group in which one of these seven sites was mutated to alanine. This approach allowed us 

to effectively determine which site within the peptide was being phosphorylated by CKII. 

When testing the first group of peptides, Ser-285 was phosphorylated at approximately 

75% of WT, while Ser-287 was phosphorylated at approximately 25% of WT; none of the 

other peptides within this group showed any significant phosphorylation when compared 

with the WT. When testing the second group, S285A was not phosphorylated; the other six 

peptides within the group all showed some degree of phosphorylation when compared with 

the WT peptide. Unexpectedly, S287A was phosphorylated to nearly the same degree as 

the WT peptide; we had expected, based on the Group 1 results, that it would show 

decreased phosphorylation. Further work would be needed to determine the significance of 

this result. Ser-285 and Ser-287, respectively, in lipin 1b correspond with Ser-252 and Ser-

254 in lipin 1a (Fig. 12), which have been shown to be two of the phosphorylation sites 

that are critical to the insulin-stimulated interaction of lipin 1a with 14-3-3 proteins (34). 

Therefore, it is possible that phosphorylations of Ser-285 and Ser-287 by CKII are involved 

in subcellular localization of lipin 1b by regulating interaction of the enzyme with 14-3-3 

proteins. However, Ser-293, which corresponds to Ser-260 in lipin 1a and is one of the 

sites within lipin 1a shown to be crucial for 14-3-3 protein interaction, was not 

phosphorylated by CKII, although S293A did show a decrease of about 60% compared 

with WT peptide. This site does fall within a CKII phosphorylation motif, so future work 
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will also examine whether an S293A mutation in full-length lipin 1b has any effect on its 

phosphorylation.   

 Surprisingly, when the phosphorylation of S285A and S285A/S287A lipin 1b were 

compared with the phosphorylation of WT lipin 1b, it was found that the S285A mutant 

showed a greater degree of phosphorylation than the WT. Conversely, the double mutant, 

S285A/S287A, showed the same degree of phosphorylation as the WT protein.  

Phosphopeptide mapping analysis showed that two phosphopeptides present in WT lipin 

1b were missing in the maps of the S285A and S285A/S287A mutant proteins.  We believe 

that these phosphopeptides contain Ser-285 and Ser-287.  The maps of the mutant proteins 

contained a phosphopeptide that is not present in the map of the WT protein.  This raised 

the suggestion that the phosphorylations of Ser-285 and Ser-287 prevent the 

phosphorylation of a site that is contained in this phosphopeptide.  When considering the 

phosphopeptide mapping analysis in conjunction with the phosphorylation experiments 

showing the relative extents of phosphorylation (Fig. 21) of the WT and mutant forms of 

lipin 1b, it appears that there is a site within the protein that is able to be phosphorylated 

only when Ser-285 is not present; this would account for the presence of the additional 

phosphopeptide in the map of S285A as well as the greater degree of phosphorylation in 

this mutant. This effect of Ser-285 was not seen in the experiments with the 22-residue 

peptide, leading us to speculate that the phosphorylation of Ser-285 may lead to a shape 

change in the full-length protein that does not occur in the 22-residue peptide. Similar 

experiments will need to be performed on an S287A single mutant as a control to better 

understand these results. 
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 Taken together, these results indicate that two sites within the serine-rich domain 

of lipin 1b are phosphorylated by CKII, and these sites correspond with sites in lipin 1a 

that have been shown to be necessary for interaction of lipin 1a with 14-3-3 proteins. In 

order to fully understand the significance of these results, future work will focus on this 

interaction. It will be enlightening to determine if mutating Ser-285 and Ser-285 in lipin 

1b with CKII has an effect in vivo on interaction of the enzyme with 14-3-3 proteins, and 

whether this leads to a change in the subcellular localization or PAP activity of lipin 1b. 

Additionally, experiments could be performed on lipin 1a with S252A and S254A 

mutations to see if these mutations affect the ability of lipin 1a to be phosphorylated or to 

interact with 14-3-3 proteins.  

 We hypothesized that lipin 1b is phosphorylated by a serine/threonine kinase, and 

this hypothesis was shown to be correct.  Indeed, CKII phosphorylates lipin 1b.  However, 

there are multiple other putative kinases proposed by bioinformatics, and further work 

would be needed to determine if one or more of them is also able to phosphorylate lipin 

1b. We demonstrated that the WT 22-residue peptide also appears to be a substrate for 

PKA.  It would be interesting to see if PKA phosphorylates the full-length protein, and to 

determine which sites within lipin 1b it phosphorylates. 

 The importance of lipin in lipid homeostasis is demonstrated by its dual function as 

both a PAP enzyme and a transcriptional regulator controlling lipid metabolism. It has been 

implicated in such diverse disease states as obesity, diabetes, cancer, and atherosclerosis, 

yet comparatively little is known at the biochemical level about its regulation. The findings 

in this work contribute to our knowledge about the posttranslational modification of this 

crucial enzyme by phosphorylation, and this information may lead to greater understanding 
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of how the regulation of lipin 1b contributes to lipid metabolism, and ultimately, the 

cellular processes involved in obesity. 
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