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ABSTRACT 

THE ROLE OF LIPID DROPLET PROTEIN PERILIPIN2 IN LIPID METABOLISM AND 

INFLAMMATION 

By 

Charles Najt 

Perturbations in lipid droplet function have been implicated in promoting several 

diseases including type-2 diabetes, atherosclerosis, and cardiovascular disease, yet few 

studies have focused on the role of lipid droplets and associated proteins in the 

regulation of inflammation. The most abundant lipid droplet protein in liver, Perilipin 2 

(Plin2), has been shown to promote lipid accumulation, lipid droplet proliferation, and to 

augment inflammation in macrophages, yet the current approaches used to study Plin2 

are generally descriptive and lack details on the mechanism of action. The objective of 

this study is to establish a mechanistic link between Plin2’s action on the lipid droplet 

and the onset of lipid-based inflammation by examining recombinant Plin2, 

overexpression-Plin2 cells, and Plin2 liver-specific knockout mice in the context of 

hepatic steatosis and inflammation. 

 Using molecular modeling, fluorescence binding, circular dichroic, and FRET 

techniques, we demonstrated that Plin2 contains a lipid binding site that consists of a 4-

helix bundle and unique / domain. We found that Plin2 residues 119−251 are critical 

for highest affinity lipid binding. Both stearic acid and cholesterol interact favorably with 

the Plin2 cleft formed by conserved residues in helix α6 and adjacent strands within the 

4-helix bundle. Findings that Plin2 contains specific domains responsible for Plin2−lipid 

interactions and binding are significant because it suggests a mechanism by which 

Plin2 may retain pro-inflammatory lipids on the lipid droplet surface to promote 



 
 

inflammation. To support this hypothesis we treated cells with LPS to induce 

inflammation. Using a novel technique that traps eicosanoids at the site of synthesis, we 

found that Plin2-coated lipid droplets are the site of PGE2 production. These findings 

are consistent with our results showing that Plin2 actively recruits COX2 to the lipid 

droplet surface promoting eicosanoid biosynthesis. Taken together, our findings indicate 

that Plin2 may exert a significant role in COX-mediated inflammation through direct 

interactions on the lipid droplet surface. 

  To establish Plin2’s inflammatory effect in vivo we challenged Plin2 liver-specific 

knockout mice and their respective wild type controls with a methionine-choline-deficient 

(MCD) diet to induce a NASH phenotype of increased hepatic steatosis, inflammation, 

and fibrosis. Results on liver weights, body weights, fat tissue mass, and histology in 

wild type and Plin2 null mice fed the MCD diet revealed signs of hepatic steatosis, 

fibrosis, and inflammation however; these effects were blunted in the Plin2 null mice. 

Levels of PC and VLDL were unchanged and hepatic steatosis was reduced by hepatic 

ablation of Plin2 due in part to an increase in remodeling of PE to PC via the enzyme 

phosphatidylethanolamine methyl transferase (PEMT). We also found that Plin2 

ablation influences the hepatic miRNA-biome. Two of the miRNAs affected by Plin2 

ablation (miRNAs-1894 and -711) were predicted to target genes associated with 

eicosanoid biosynthesis and inflammation. Luciferase reporter assays and Western 

blotting demonstrated that miRNAs-1894 and -711 directly target COX1, COX2, and 

human PTGIS and inhibit protein expression of the target genes. Overall, results from 

several studies indicate that Plin2 may play a key role in the development of 

inflammation and inflammation-related diseases.  
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INTRODUCTION 

 The ability to utilize and store neutral lipids is evolutionarily conserved and reflects 

the importance of efficient lipid management for survival (1, 2). When chronic over-

nutrition occurs, the body and its tissues are saturated with excess lipids, leading to 

disruptions in lipid homeostasis and key cellular functions. Excess lipid storage in tissue 

leads to chronic inflammation involving increased cytokine production that can give rise 

to several disease states including cardiovascular disease, atherosclerosis, type-2 

diabetes, and non-alcoholic steatohepatitis (NASH) (3-9). It is clear that the 

accumulation of excess lipids causes an inflammatory response, yet little is known 

regarding the underlying mechanism involved. The work presented in this thesis 

focuses on the lipid droplet protein Perilipin2 (Plin2) and the role it plays in 

inflammation. What follows is a brief overview of lipid droplet biology; intracellular lipid 

metabolism; an introduction into lipid droplet associated proteins; and finally how 

miRNAs play a role in mediating lipid metabolism. 

 

LIPID DROPLETS 

 Originally considered passive bags of fat, lipid droplets are now understood to be 

complex, dynamic organelles that play a central role in energy metabolism, membrane 

synthesis, and production of lipid-derived molecules such as lipoproteins, bile salts, 

hormones, eicosanoids, and prostaglandins (10-13). Lipid droplets are thought to 

develop as budding vesicles in the endoplasmic reticulum (ER) lipid bilayer, where 

enzymes involved in lipid synthesis and lipolysis deposit neutral lipids between the 

bilayer leaflets (14-19).  During the maturation process, the lipid droplet structure forms 
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a neutral lipid core surrounded by a phospholipid monolayer embedded with proteins. 

Lipid droplet associated proteins play a critical role in regulating the balance between 

lipid storage and lipid utilization, yet the vast majority of this regulatory network remains 

unknown. Interestingly, factors such as intracellular and extracellular stresses trigger 

lipid droplet formation (20-24). In particular, inflammation dramatically increases lipid 

droplet formation and eicosanoid production at the lipid droplet surface (11, 20, 25, 26). 

The lipid droplet formation under extracellular and intracellular signals reflects a role for 

lipid droplets and their associated proteins in processes not directly related to lipid 

metabolism, leading to a link between lipid droplets and pathologies. Indeed, with lipid 

droplets implicated in a variety of critical cellular processes related to cell homeostasis 

and disease progression, an understanding of the organelle and its associated proteins 

is paramount to developing new therapeutic targets.  

 Multiple enzymatic reactions contribute to lipid droplet assembly. Activated fatty 

acids produced by Acyl-CoA synthase (ACS) are essential for the initial formation of 

triglycerides (TG) found in the neutral lipid core of lipid droplets as indicated by studies 

that show inhibition of ACS by Triacsin C significantly reduces TG synthesis and 

completely inhibits the formation of lipid droplets promoted by fatty acid treatment (16, 

27-29). ACS activity also modulates the cellular AMP/ATP ratio indicating ACS 

influences metabolic signaling via AMP kinases (29-31). By modulating the AMP/ATP 

ratio, ACS acts as a critical sensor of the energy state in the cell, thus determining lipid 

storage lipid droplets. In addition, ACS proteins form complexes with other ER-

associated proteins and potentially organize micro-domains within the ER membrane 

(18, 19, 32). This complex of neutral lipid synthesis enzymes likely increases the 
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efficiency of neutral lipid production mediating the initial stages of lipid droplet formation 

(18). In addition, the ACS derived complexes have been shown to include diacylglycerol 

acyl-transferase 1/2 (DGAT1/2), acetyl-CoA acetyltransferase 1/2 (ACAT1/2) and other 

lipid droplet associated proteins including Spartan (18, 19, 33-36). An outline of the 

initial stages of lipid droplet formation is shown in Figure 1. 
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NEUTRAL LIPID SYNTHESIS AND STORAGE IN LIPID DROPLETS 

 The most abundant neutral lipids in lipid droplets are triacylglycerols (TG) and 

cholesterol esters, with sterol esters more prevalent in yeast and Drosophila (37). 

Neutral lipids are synthesized by enzymes permanently or transiently located in the ER 

(37) and also on the lipid droplet surface (16, 18, 38). The classical model of de novo 

TG synthesis occurs in four reactions catalyzed by members of the glycerol-3-

phosphate O-acyltransferase (GAPT), 1-acylglycerol-3-phosphate O-acyltransferase 

(AGAPT), phosphatidic acid phosphatase (PAP)/lipin, and DGAT enzyme families(16, 

33, 39-44). A diagram of neutral lipid synthesis is found in Figure 2. The final step in this 

pathway is the esterification of diacylglycerol into triacylglycerol conducted by DGAT1 

and DGAT2 which accounts for nearly all TG synthesis in mouse cells. When neutral 

lipid storage is promoted, the enzymes initially located on or in the ER become 

segregated, with some remaining in the ER and others accumulating on the lipid droplet 

surface. GPAT4, AGPAT3, PAP, and DGAT2 localize on lipid droplets in flies and 

mammals while Gat1p, Gt2p, Pah1P, and Dga1p are found on yeast lipid droplets (14-

16, 45-47). While not completely understood, transmembrane proteins also target to 

lipid droplets and embed in a phospholipid monolayer, a process thought to occur 

through membrane bridges or by early embedding in naïve lipid droplets formed from 

the ER (1, 18, 19, 48). In addition to TG, diacylglycerol is also present in lipid droplets. 

In newly formed lipid droplets, diacylglycerol generates membrane curvature, replacing 

phospholipids such as phosphatidylcholine (PC) to provide a platform for protein binding 

(49-51). This last point is critical, as targeting of membrane expansion proteins and 

other lipid droplet associated proteins require the presence of diacylglycerol to target to  
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lipid droplets. Lipid droplets also contain a significant amount of cholesterol and 

cholesterol esters, especially in macrophages and steroidogenic cells under conditions 

of atherosclerosis (14, 16, 52-55). The synthesis of cholesterol esters is mediated by 

acyl-CoA:cholesterol O-acyltransferase (ACAT1 and ACAT2) on the ER (39, 56). Lipid 

droplets store cholesterol and cholesterol esters through the incorporation of cholesterol 

esters into small-naïve lipid droplets budding from the ER.  

 

LIPOLYSIS OF NEUTRAL LIPIDS IN LIPID DROPLETS 

 Lipolysis of TG occurs when fatty acids are released from the glycerol backbone.  

Lipolysis generates fatty acids for -oxidation and energy production, yet recent studies 

have highlighted the importance of lipolytic intermediates in the synthesis of 

phospholipids, cholesterol esters, and signaling molecules (57-61). The initial step of 

TG hydrolysis is carried out by adipose triacylglycerol lipase (ATGL) which releases a 

single fatty acid to produce DG (62-65). Hormone-sensitive lipase (HSL) removes a 

second fatty acid to produce monoglyceride (MG) (63, 66-68). The final step of TG 

breakdown is performed by monoglyceride lipase (MGL) which releases a third fatty 

acid and glycerol (15, 16). Under basal lipolytic conditions, lipases ATGL and HSL are 

cytosolic bound. Comparative gene identification-58 (CGI-58), the co-activator of ATGL, 

localizes to the lipid droplet and is held in place by Perilipin 1 (Plin1), the major lipid 

droplet protein in white adipose tissue (WAT) (68-80). Plin1 also interacts with A-kinase 

anchor protein (AKAP) to tether and regulate PKA type 1 and type 2 subunits at the lipid 

droplet surface, preventing lipolytic activation (65, 71, 76, 78, 80-82). Upon -adrenergic 

stimulation, Plin1 and HSL are phosphorylated by PKA (65, 68, 71, 76, 78, 83).  
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Conformational changes in Plin1 by phosphorylation and recruitment of HSL cause the 

release of CGI58. ATGL binds CGI58 in the cytosol causing the two proteins to 

translocate to the lipid droplet surface and lipolysis is activated. It is important to note 

that other lipid droplet associated proteins including Plin2 and Plin3 have no known 

lipolytic activities (64, 72, 84-87). However, it has been suggested that Plin2 limits ATGL 

binding to lipid droplets, yet no direct interactions between the two proteins have been 

observed.  Interestingly, chaperone mediated autophagy (CMA) was shown to degrade 

Plin2 and Plin3 under starvation conditions thus allowing ATGL and HSL to bind to the 

lipid droplet surface. Alternative methods for lipid release have recently been reported 

(87, 88). In these studies Plin2 interacted with heat-shock protein-70 (HSP-70) and 

PMAK phosphorylase which phosphorylates the complex targeting Plin2 and Plin3 for 

degradation (87, 88). The absence of Plin2 and Plin3 allows ATGL and HSL mediated 

lipolysis to occur or macro-autophagy proteins to consume large portions of the lipid 

droplet rapidly (87, 88). In a similar manner, release of cholesterol from the neutral lipid 

core has been described via two hydrolytic pathways. The first pathway involves the 

association of cholesterol ester hydrolase (CEH) to the lipid droplet surface where it 

hydrolyzes cholesterol esters into free cholesterol and the second involves lysosomal 

fusion with the lipid droplet via a lysosomal acid lipase which results in release of 

cholesterol.  An overview of lipid droplet lipolytic pathways is outlined in Figure 3. 

 About 95% of the biologically available energy stored in TG resides in the fatty acid 

moieties, making them critical components in maintaining cellular energy production.  

-oxidation occurring in the mitochondria releases the stored energy in the fatty acids. 

Enzymes involved in this process include acyl-CoA synthetase (ACS), acyl-CoA  
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dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA dehydrogenase, and acyl-

CoA acetyltransferase. These enzymes are relevant in the current thesis since 

expression levels of several were influenced in cells and mice with altered Plin2 

expression.  

 

PHOSPHOLIPID MEMBRANE EXPANSION IN LIPID DROPLETS 

 Lipid droplet expansion occurs through phospholipid remodeling and synthesis via 

two pathways: the Kennedy pathway (also known as the CDP-choline pathway) and the 

Land’s Cycle (16, 51, 89). Both pathways are involved in PC synthesis, the major 

phospholipid comprising 50-60% of total phospholipid content in cells. In the Kennedy 

pathway, exogenous choline is taken into the cell and phosphorylated via choline kinase 

producing phosphor-choline (16, 90-93). Phosphor-choline is then activated by the 

addition of CTP, a reaction that is catalyzed by the rate-limiting enzymes 

CTP:phosphor-choline cytidylyltransferase (CCT) to form CDP-choline.  The final step of 

the pathway takes the CDP-choline and adds it onto a DG backbone thereby producing 

PC (91, 94, 95).  This last step is catalyzed by CDP-cholinephosphotransferase (CDT). 

It is through this pathway that lipid droplets expand. Deposition of TG in the lipid droplet 

core either by TG storage in the lipid droplet or de novo synthesis of TG on the lipid 

droplet surface increases the size and depletes the relative amount of PC in the 

phospholipid monolayer (51, 90). As DG and phosphatidic acid become enriched at the 

lipid droplet surface, CCT is able to translocate from the nucleus and bind to the lipid 

droplet monolayer. This translocation and binding action activates the enzyme. While 
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CCT localizes to the lipid droplet, choline kinase and CDT do not, indicating that CCT is 

the rate limiting enzyme for lipid droplet expansion and lipid storage(51, 90). 

 In the liver, PC can also be produced independent of CCT by either the Lands cycle 

or the phosphatidylethanolamine methyltransferase (PEMT) pathway (96-100). The 

Lands cycle utilizes lysophosphatidycholine acyltransfease (LPACT) by combining a 

lysophosphocholine with an acyl-CoA (25, 89, 101-103), two molecules that can be 

produced on the lipid droplet surface by phospholipase A2 and acyl-CoA synthase, 

respectively. In the PEMT pathway, PE is converted to PC through three sequential 

methylations of PE by PEMT using methionine-derived substrates (SAMe) (96, 97). An 

overview of lipid droplet phospholipid metabolism can be seen in Figure 4. In the current 

thesis, we investigate the significance of PEMT-mediated PC production in Plin2 liver-

specific knockout mice, the details of which will be discussed in Chapter 4.  

 

LIPID DROPLET ASSOCIATED PROTEINS 

 The lipid droplet proteome has been extensively studied across a wide array of 

organisms and cell types. Proteomic analysis of lipid droplets isolated from lipolytically 

stimulated 3T3-L1 cells indicated a diverse group of proteins associated with the lipid 

droplet surface (46, 104-108). This included proteins involved in lipid metabolism as well 

as structural proteins, and the traditional Perilipin family members.  For example, HSL, 

lanosterol synthase, NADP-dependent steroid dehydrogenase-like protein, ACS, 17--

Hydroxysteroid dehydrogenase, and CGI-58 were identified in lipid droplet preparations 

under basal condition (45). Intriguingly, a dramatic shift in the lipid droplet associated 

proteins was observed under lipolytic stimulation (45). ACS3 and 4 and two short- 
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chain reductase/dehydrogenases were identified on lipid droplets from lipolytically 

stimulated cells. In addition, several Rab GTPases, tumor protein D54, and 

mitochondrial associated proteins such as pyruvate carboxylase, and prohibitin were 

identified in lipid droplets under lipolytic stimulation (45, 46, 104, 105). These results 

indicated that lipid droplets contain specific structural proteins as well as lipid metabolic 

enzymes that undergo structural reorganization in response to lipolysis. In support of 

these findings, additional proteomic studies with lipid droplets isolated from mice found 

48 proteins that were increased, and 53 proteins that were decreased, on lipid droplets 

due to high-fat feeding (104). Many proteins involved in fatty acid catabolism or 

xenobiotic metabolism were enriched in lipid droplet fractions following high-fat feeding 

whereas glucose metabolism and liver X receptor or retinoid X receptor activated 

proteins were decreased (104).  Taken together, proteomic analysis of lipid droplets 

provided insights into the unique biological functions of hepatic lipid droplets under 

normal and altered metabolic conditions.  

 Another outcome of the proteomic screens was the discovery that the cell death-

inducing DFFA-like effector (CIDE) family of proteins targets lipid droplets (109).  The 

CIDE family of proteins includes CIDEA, CIDEB, and CIDEC (also known as FSP-27) 

(110-114).  CIDE proteins promote cell death when upregulated, however they are also 

associated with the lipid droplet membrane.  While the exact function of these proteins 

in lipid droplet biology is unclear, studies suggest CIDEA affects lipid metabolism as 

knockout mice showed a lean phenotype with decreased adiposity, decreased leptin, 

and increased lipolysis and fatty acid oxidation (109, 111). CIDEB knockout mice 

exhibited a similar phenotype to CIDEA mice however, CIDEB knockout resulted in 
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increased hepatic insulin sensitivity (110). This was manifested by increased IRS-1 and 

AKT2 phosphorylation under insulin stimulation (110). In addition, CIDEB null mice 

showed a significant decrease in lipogenesis via downregulation of SREBP1c (110, 

115). CIDEC (FSP-27) knockout mice showed altered lipid metabolism by increasing 

lipolysis similar to CIDEB knockout mice.  The major phenotypical difference between 

the CIDEC and the CIDEB was in the case of CIDEC, a direct role in mitochondrial -

oxidation was observed (112-114, 116, 117). Suggesting the CIDEC not only had a role 

in lipid droplet biology, but also mitochondrial function. In support of this, WAT tissue in 

CIDEC knockout mice took on several aspects of brown adipose tissue with increased 

mitochondrial volume and activity indicating CIDEC (112).  

 ER, membrane trafficking, and signaling proteins have also been identified to target 

lipid droplets (53, 118). Some of these include members of the Rab family of small 

GTPases as well as the Caveolins and Cavins (37, 53, 105, 119-122).  The targeting of 

Caveolins to the lipid droplet appears to be a regulated process in the sequestration of 

cholesterol (53) and fatty acids (123). When cells were lipid loaded with cholesterol or 

fatty acids prior to induction of lipolysis, Caveolin 1 was found to target to the lipid 

droplet (53). Similar to lipid raft structures induced by Caveolin in the plasma 

membrane, Caveolin 1 was found in lipid raft like domains on the lipid droplet 

phospholipid monolayer (124, 125). In the lipid raft like domains isolated from lipid 

droplets, Caveolin-1 and Flotilin were present along with lipolytic enzymes such as 

ATGL, HSL, and phospho-Plin1 (124). The presence of the lipolytic enzymes in these 

domains indicated lipid raft complexes of lipolytic enzymes that likely increase the 
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efficiency of lipolysis and lipid release. In addition, SRB1 co-localization with Caveolin-1 

on lipid droplets indicated a direct role for caveolin in cholesterol storage (126, 127). 

 Recently, proteins of the hypoxia-inducible protein (HIG) family of proteins have also 

been discovered to have roles in lipid droplet biology (128-131). HIG2 is a target of the 

hypoxia-inducible factor 1 (HIF1), and co-localizes with Plin2 and Plin3 on the lipid 

droplet surface (129, 131).  In addition, HIG2 targeting lipid droplets is induced under 

HIF1 activation (130).  This is significant as recent work demonstrates Plin2 expression 

is promoted by HIF1- binding to an enhancer region in the promoter region of Plin2, 

linking HIG2 and Plin2 to hepatic hypoxia (132-134).   

 The proteome “signature” for lipid droplets also consistently includes at least one 

member of the Perilipin (Plin) family of proteins. This family is defined by an N-terminal 

sequence known as the PAT-domain (135-137). The mammalian genome encodes five 

Plin genes and additional mRNA splice variants with individual tissue-dependent 

expression patterns (135, 137). The five Plin variants are Plin1, Plin2 (also known as 

ADRP, ADFP, and adipophilin), Plin3 (previously TIP-47), Plin4 (previously S3-12), and 

Plin5 (previously LSDP5, OXPAT, MLDP, and PAT1). Homologous regions between the 

Plin proteins are outlined in Figure 5. Each Plin protein is thought to have a distinct role, 

but several of the functions remain unclear. The best-characterized Plin protein, Plin1, 

controls lipolysis by recruiting or preventing access of lipases on lipid droplets. Under 

basal lipolytic conditions, lipases ATGL and HSL are cytosolic bound. Comparative 

gene identification-58 (CGI-58), the co-activator of ATGL, localizes to the lipid droplet, 

and is held in place by Plin1, the major lipid droplet protein in WAT (78). Plin1 also 

interacts with A-kinase anchor protein (AKAP) to tether and regulate PKA type 1 and  
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type 2 subunits at the lipid droplet surface, preventing lipolytic activation (65, 68, 76, 

78). Upon -adrenergic stimulation, Plin1 and HSL are phosphorylated by PKA. 

Conformational changes in Plin1 by phosphorylation and recruitment of HSL cause the 

release of CGI58 (62, 78). ATGL binds CGI58 in the cytosol causing the two proteins to 

translocate to the lipid droplet surface and lipolysis is activated.  

 It has been suggested that Plin2 also plays a role in lipolysis however, the protein 

has no known lipolytic activity (57, 64, 138). Plin2 acts by limiting ATGL binding to lipid 

droplets in a non-interactive mechanism between the two proteins (64, 139). Plin2 has 

also been implicated in lipid droplet formation (140, 141), LPS induced lipid droplet 

formation (20, 142, 143), and VLDL assembly (144, 145). A more in-depth review of 

Plin2 literature can be found below. With regard to Plin3, in mammalian cells the protein 

is recruited to the ER during lipid droplet biogenesis by recognition of the initial 

accumulation of diacylglycerol. The protein’s presence at the onset of lipid droplet 

formation suggests that Plin3 regulates efficient lipid droplet formation (16). While Plin2 

and Plin3 are ubiquitously expressed, many organisms do not have a Plin3 orthologue. 

For example, certain insect cells types do not express Plin3 (16). This suggests 

alternative mechanisms of lipid droplet formation or functional compensation between 

the Plin proteins occurs (146). Plin3 has also been shown to inhibit lipolytic enzymes, 

reducing lipid droplet lipid catabolism (87, 138, 146, 147). Under starvation conditions, 

Plin3 is targeted for chaperone mediated autophagy, thereby increasing in vivo lipolysis 

of lipid droplets via ATGL (87, 88).   

 To date, little is known regarding the function of Plin4. Originally discovered as a 

gene upregulated by PPARduring adipocyte differentiation, it is expressed at low 
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levels in heart and skeletal muscle and is completely absent in brown adipose tissue 

(BAT) and liver (16, 28, 148-150). Structurally, Plin4 has a unique feature in that 

approximately two-thirds of Plin4 are comprised of tandem repeats of an 11-residue 

motif shared between Plin2, Plin3 and Plin5 (135, 137). Excluding the 11-residue 

repeat, Plin4 displays a more divergent carboxyl and amino terminus than Plin2, Plin3 

and Plin5. In cultured adipocytes, Plin4 is in the cytosol. Upon lipid loading, Plin4 co-

localizes with nascent lipid droplets, rapidly packaging TG (137, 148, 151).  These 

results suggest Plin4 functions as a regulated protein that associates with lipid droplets 

when there is a need for lipid storage in lipid droplets.   

 In contrast to Plin4, the Plin5 gene is highly expressed in oxidative tissues including 

heart, skeletal muscle, BAT and liver (148, 152-154). Consistent with this, Plin5 was 

shown to increase fatty acid uptake, decrease lipolysis, and increase fatty acid oxidation 

(152). These studies support divergent roles for Plin5 in both lipid storage and lipid 

oxidation (139, 155, 156). In other work with hepatocytes, skeletal muscle, and 

cardiomyocytes Plin5 was shown to protect against lipotoxic stress by regulating 

lipolysis (153, 154, 157). Plin5 expression increases in response to fatty acid exposure, 

which is likely due to the activation of PPAR  and (152). Plin5 also interacts with 

ATGL, HSL, and CGI-58 to prevent uncontrolled lipolysis and modulates the regulation 

of Plin1 and ATGL/HSL to increase -oxidation efficiency (139, 153-156). Metabolic 

regulation by Plin5 is apparent in endurance trained athletes where increased lipid 

droplets and Plin5 expression are often observed (158).  In these individuals, Plin5 was 

proposed to regulate release of fatty acids from lipid droplets to provide long term 

energy stores during extensive exercise (158, 159).    
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PERILIPIN 2 

 Plin2 (also known as adipose differentiation-related protein, ADRP, ADHP, or 

adipophilin) was first identified by Serrero et al in 1992, as an mRNA transcript induced 

during adipocyte differentiation (160). The gene encoding Plin2 spans 14kb and 

contains 8 exons and 7 introns (160, 161). The gene produces a 48 kDa protein that 

contains an N-terminal PAT domain, 11-mer repeat region, and a unique  domain 

coupled to a 4-helix bundle whose functions are outlined in Chapter 3 of this thesis. 

Studies to elucidate the function of Plin2 have included gain- and loss-of-function 

experiments in cells and mice. Although the experimental systems and designs have 

varied from study to study, the primary function of Plin2 appears to be in neutral lipid 

accumulation in lipid droplets (84, 140, 143, 162-165). While recent work indicates 

Plin2’s role on the lipid droplet surface may also include the recruitment or displacement 

of enzymes under different metabolic conditions, the mechanism of action remains 

unclear. In this section of Chapter 1, an in-depth summary of the work previously 

performed will be covered as well as areas of current research. 

 Overexpression of Plin2 has been associated with expansion of lipid droplet pools 

and increased cellular TG (1, 17, 166). For example, over-expression of the green 

fluorescent protein (GFP)-Plin2 fusion protein in 3T3-L1 cells resulted in increased TG 

content even when cells were cultured in depleted serum (140). The increase in cellular 

TG content was thought to be a result of Plin2 blocking access of lipases and other 

proteins targeting the lipid droplet (64, 166). Since no direct interaction between Plin2 

and the two lipid droplet TG lipases, ATGL and HSL, has been characterized, the 

mechanism by which Plin2 prevents lipolysis remains unknown (64, 138). However, it 
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has been proposed that Plin2 binding to the lipid droplet surface induces phospholipid 

crowding in the lipid droplet monolayer (64, 167). The crowding effect produces 

localized phospholipid rich and phospholipid poor areas (64, 167). In doing so, proteins 

that rely on hydrophobic interactions are able to bind to the phospholipid rich regions 

while enzymes requiring the phospholipid polar head groups are not able to target the 

phospholipid poor regions. Thus, Plin2 interactions with the phospholipid monolayer 

determine the ability of proteins to target the lipid droplet and may deny access to other 

proteins in the areas in which it binds. This area of research is ongoing as Plin2 has 

been shown to change its confirmation when bound to a membrane and/or when it is 

post-translationally modified (88), indicating its interactions with the phospholipid 

monolayer may be altered.  

 In support of Plin2’s function in regulating protein recruitment to the lipid droplet 

surface, recent studies have demonstrated that Plin2 coats smaller, more metabolically 

active lipid droplets whereas Plin1, the homolog responsible for regulating lipolytic 

enzymatic activity, coats large mature lipid droplets (82). Plin2 when not bound to lipid 

droplets is targeted for degradation via the ubiquitin proteasome pathway (35, 168).  

Addition of a fusion tag such as CFP, GFP, or FLAG-tag on the N-terminal region of the 

protein negates proteasomal degradation of Plin2 (168). Creation of N-terminal mutants 

highlighted a sequence in the PAT domain responsible for ubiquitination, mutation of 

which resulted in a non-degradable version Plin2. Recent work has indicated that Plin2 

can be degraded on the lipid droplet surface via chaperone-mediated autophagy (CMA) 

(87, 88). The latter process involves a newly discovered phospho-Plin2 which is 

dependent on HSP70 interaction with AMPK (88). In cells lacking the required CMA 
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enzymes, Plin2 levels remain constant even when unbound to lipid droplets. These 

findings are significant as CMA degradation of Plin2 is critical for lipolytic turnover of 

lipid droplets lacking Plin1 (as seen in hepatic lipid droplets) (73). Without CMA 

mediated autophagy lipid droplets continue to retain lipids causing the onset of steatosis 

(87, 88).  

 There are several Plin2 deficient and Plin2 knockout models that were originally 

derived to study the effect of Plin2 ablation on adipose tissue development and lipolytic 

activity. The first Plin2 null mouse was described by Larry Chan and was globally 

deficient in full-length Plin2 (169). The Chan Plin2 deficient mouse displayed normal 

adipocyte and adipose tissue differentiation and function, as assessed by histology, 

adipocyte markers, TG mass, and basal/stimulated lipolysis (169). The mice also 

exhibited normal plasma lipids, glucose, and insulin levels, yet there was a substantial 

decrease in hepatic neutral lipid content. The overall reduction in liver TG was not 

explained by reduced fatty acid uptake or increased -oxidation in these mice (169) yet 

Plin2 deficiency also prevented hepatic steatosis by high fat feeding (144). There was 

also no sign of reduced lipogenesis or lipogenic enzyme activity however, there was 

increased micro-vesicle formation (144, 169). These micro-vesicles were originally 

thought to be smaller lipid droplets, but they contained a significant amount of MTTP, 

the rate limiting enzyme in VLDL formation (144, 169). It was later proposed in Plin2 

deficient mice cross bred with LepObe/Obe mice that the small, MTTP-TG rich micro-

vesicles fed directly into VLDL production, thereby secreting TG from the liver and 

preventing hepatic steatosis (144, 169). Interpretation of these data was complicated as 

an amino-terminal truncation of Plin2 was found in lactating mammary tissue that 
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partially replaced the functions of full-length Plin2 in lipid droplet formation and secretion 

(170). In an attempt to clarify the Chan Plin2 deficient studies, Plin2 antisense 

oligonucleotides were used to knockdown Plin2 in LepObe/Obe and high-fat fed obese 

mice (164, 171, 172).  In these two mouse models, Plin2 levels were decreased 

between 40-65% (171, 172).  While a significant amount of Plin2 expression remained, 

both antisense mouse models exhibited changes in lipid and glucose metabolism (164, 

171, 172). Similar to the Chan deficient mice, antisense Plin2 knockdown mice showed 

decreased hepatic TG content and were again protected against diet induced hepatic 

steatosis (164, 171, 172). In contrast to the Chan mouse, antisense Plin2 knockdown 

mice exhibited decreased lipogenic genes rather than increased lipolysis and increased 

TG export as VLDL (171, 172). The hepatic TG changes were accompanied by 

improved insulin sensitivity and glucose tolerance, as well as reduced body fat. The link 

between Plin2 and VLDL secretion was supported by cell-based studies of hepatoma 

cell lines. In hepatoma and primary rat hepatocytes, increased expression of Plin2 

partitioned TG into lipid storage, thereby reducing secretion of TG as VLDL (145). 

Conversely, silencing of Plin2 via siRNA resulted in reduced lipid droplets, increased -

oxidation, lipolysis, and increased secretion of apoB-VLDL particles (145). Interestingly, 

a genetic variation in the Plin2 gene causing a serine to proline mutation (Ser251Pro) 

resulted in dysregulation of plasma lipid and lipoprotein profiles in humans, possibly due 

to disruption of helical structure within a putative lipid binding site (86, 173). A depiction 

of Plin2’s role in lipid droplet biology and lipid trafficking is outline in Figure 6.  
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 Until 2013 the two Plin2 deficient mouse models remained the only viable options for 

work with Plin2 in an in vivo setting. After that, three additional Plin2 mouse models 

were reported. McManaman et al described a true Plin2 global knockout mouse that 

again prevented hepatic steatosis, but also protected mice from adipose tissue 

inflammation (174). While the study did not clarify the mechanism behind decreased 

hepatic TG content, an increase in PPAR- and PPAR- was observed indicating 

lipolytic and -oxidation gene activation (174). The second mouse model involving Plin2 

was a Plin2-glycine N-methyltransferase (GNMT) double knockout. The ablation of Plin2 

in this model relieved hepatic steatosis and inflammation present in the single GNMT 

knockout model (175).  Interestingly, the decrease in hepatic steatosis and inflammation 

was attributed to an increase in PE being remodeled to form PC (175).  By maintaining 

PC in the hepatic tissue of the Plin2 GNMT mice, VLDL secretion of TG was 

maintained, thus relieving the hepatic steatosis and inflammation found in the single 

knockout mouse (175, 176). A third Plin2 knock out mouse model was described in 

2016 that was a liver specific Plin2 null mouse the details of which will be discussed in 

Chapter 4. 

 Plin2 expression is also associated with lipid accumulation and inflammation in 

macrophages, foam cells, and eosinophils where it is proposed to participate in 

eicosanoid and prostaglandin production (4, 5, 10-13, 143). Macrophages play an 

important role in the development and progression of atherosclerosis. An early event in 

atherosclerosis is the accumulation of lipids in lipid droplets where increased Plin2 

expression is observed (3, 4). This effect can be induced in ex vivo experiments with 

LPS, oxidized LDL (oxLDL), or acetylated LDL treatment that leads to increased lipid 
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loading, lipid droplets, and Plin2 (26, 143, 177, 178).  In addition, Plin2 mRNA is 

upregulated in human atherosclerotic plaques as compared to lesion-free areas in the 

same artery (177). Knockdown of Plin2 in macrophage models of atherosclerosis 

reversed lipid droplet formation and lipid loading along with inflammation markers such 

as TNF, IL-6, and MCP-1 (179).  Plin2 knockdown also increased lipid efflux from 

atherosclerotic plaques, reversing the damage done to mice by oxLDL treatment (177). 

In macrophages induced with LPS, oxLDL, or acetylated LDL, lipid droplets coated by 

Plin2 were shown to be the site of PGE2, PGH2,  PGD2, 5 HETE, 15-HETE, and TXA2 

propagating the inflammation response (10, 180-185).   

 Given the accumulating in vivo and ex vivo evidence that Plin2 facilitates lipid 

accumulation in liver and macrophages, it is increasingly important to understand the 

factors that regulate is expression and function.  It has been shown that Plin2 gene 

expression is controlled by nuclear hormone receptors PPAR, PPAR, and RXR in 

hepatocytes and PPARin keratinocytes (149, 165, 186). PPAR response elements 

(PPRE) mapped in both the mouse and human to Plin2 promoter regions indicate 

PPARs induce Plin2 mRNA under a variety of conditions (149, 165). These findings are 

significant because basal and anti-inflammatory conditions are associated with PPAR 

control of lipid metabolism enzymes. Under inflammatory conditions, displacement of 

PPAR by p65 promoted increased expression of Plin2 (20, 165), COX2 (25), and TNF 

(187) under inflammation conditions (142). Consistent with this, mice injected with LPS 

exhibited increased hepatic lipid accumulation and expression of Plin2 while expression 

of PPAR RXR, and PPARwere decreased (142). Moreover, enzymes involved in 

fatty acid synthesis and oxidation including fatty acid synthase, enoyl-CoA hydratase, 
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stearoylCoA desaturase, acyl-CoA dehydrogenase, acetyl-CoA carboxylase, and 

carnitine palmitoyl-transferase 1 that are direct targets of PPAR RXR, and 

PPARwere also decreased following LPS-induced inflammation (142). A closer 

examination of the cross talk between PPARs and p65 in keratinocytes demonstrated in 

vivo that p65/RelA repression of PPARin TNF- stimulated cells increased lipid 

accumulation, Plin2, and cytokine expression (188) through a mechanism involving 

histone deacetylases (188). In contrast direct interactions of PPARwith the p65 RelA 

region caused p65 to undergo ubiquitination and degradation, resulting in termination of 

NFB signaling (142, 188).    

 

LIPID DROPLETS AND MICRO-RNA REGULATION 

 MicroRNAs (miRNAs) are short endogenous RNA sequences consisting of 18-22 

nucleotides that regulate gene expression by repressing or targeting mRNAs for 

degradation. An overview of how miRNAs are transcribed and processed to maturity is 

outlined in Figure 7. Currently, there are more than 2000 confirmed miRNAs encoded 

by various intergenic, intronic or exonic sequences in the human genome. It is 

estimated that these 2000 miRNAs target up to 60% of all human genes. These findings 

are significant as deregulation of miRNAs has been associated with altered lipid and 

glucose metabolism, oxidative stress, inflammation, fibrosis, and end stage liver 

disease. In addition, diet-induced obesity in mice results in approximately 6% of total 

miRNAs being differentially expressed. As a result of their influence, miRNAs have 

emerged as novel biomarkers and potential therapeutic targets. In terms of lipid droplet 
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biology and Plin2, overexpression of miRNAs -215, -96, -124, -122, and -489 in primary 

mouse hepatocytes led to increased Plin2 levels and increased lipid droplet size and 

number (30). Conversely, cells overexpressing miRNAs –let7d, let7e, let7g, and -148a 

exhibited decreased Plin2 levels and cellular triglyceride content (30). In addition, 

miRNA-122 has been reported to stimulate the production of lipid droplets and 

cholesterol-rich caveolae, while inhibition of the miRNA increases lipolysis resulting in 

smaller lipid droplets. In another study, inhibition of PPAR by miRNA-9 in M1 

macrophages led to upregulation of Plin2, STAT1, and TNF when cells were treated 

with LPS to induce inflammation (31). miRNA-155 was shown to modify the 

inflammatory capacity of macrophages by increasing lipid loading and promoting the 

formation of lipid droplet derived foam cells (189). THP-1 macrophages stimulated with 

oxLDL showed increased expression of miRNA-150, along with increased lipid loading 

and atherosclerosis (101). This work supported studies challenging miRNA-150 

knockout mice with a high fat diet. The mice exhibited increased fat accumulation and 

decreased glucose tolerance and insulin sensitivity, along with increased expression of 

pro-inflammatory cytokines in adipose tissue (143). Studies with miRNA-21 showed 

increased expression when macrophages were treated with LPS to induce inflammation 

(103). When miRNA-21 was overexpressed by transfection, increased lipid 

accumulation and formation of lipid-laden foam cells was observed which was reversed 

when expression of miRNA-21 was silenced (103). Plin2 was not measured in these 

studies, however the close association of Plin2 with foam cell formation has been 

extensively reported (3-5, 177) and was likely part of the process. In the current thesis 
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we examine the effect of Plin2 ablation on miRNAs and discuss the results in depth in a 

later chapter.  

 

CONCLUSION 

 Developing therapeutic strategies to treat the increasing number of obesity related 

diseases is dependent on identifying potential protein targets of intervention. Lipid 

droplets and their associated proteins play a critical role in maintaining lipid 

homeostasis and perturbations in their function dramatically impact human health. 

Therefore lipid droplets and their associated proteins are potential targets for the next 

generation of therapeutics. Plin2, a prominent hepatic lipid droplet protein that is 

associated with lipid accumulation (64, 141, 166, 190) and inflammation (179, 191) 

represents a significant target despite minimal information regarding its mechanism of 

action. Results outlined in the current thesis are expected to elucidate how Plin2’s role 

in lipid droplet biology. Moreover, our goal was to identify Plin2’s mechanism in 

promoting steatosis, inflammation, fibrosis, and cirrhosis. This contribution is significant 

because it represents the first steps towards reaching the ultimate goal of treating and 

curing obesity-driven diseases.  
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OVERVIEW 

 The leading cause of liver disease in the United States is nonalcoholic fatty liver 

disease (NAFLD), a clinical continuum from reversible steatosis, characterized by 

excess hepatic TG storage in lipid droplets to the more life-threatening nonalcoholic 

steatohepatitis (NASH) that predisposes to irreversible liver fibrosis, cirrhosis, and 

hepatocarcinoma. What drives the disease forward from fatty liver to hepatic 

inflammation is poorly understood; however recent studies have shown that obesity 

produces low-grade chronic inflammation in response to over nutrition.  Despite the 

correlation between the metabolic state and inflammation, the lack of mechanistic 

details represents a critical oversight as the limited knowledge impedes development of 

novel targets for therapy. The most abundant hepatic lipid droplet protein, Plin2, has 

been associated with increased lipid storage, lipid droplet proliferation, insulin 

resistance,5,6 and has been found to line ballooned hepatocytes of NAFLD patients.7 

Together, these findings suggest Plin2 may play a role in NAFLD or inflammation 

related disorders. The objective of this thesis was to establish a direct link between 

Plin2 and inflammation based metabolic diseases. By completing the work outlined in 

the listed specific aims, we have provided compelling evidence that Plin2 promotes 

COX-mediated inflammation through high-affinity interactions with pro-inflammatory 

lipids and direct interactions with COX2.  Plin2 mitigates COX1 and COX2 expression 

post-transcriptionally by altering the levels of miRNAs that target COX1 and COX2.  

Ablation of Plin2 in hepatic tissue blunted the onset of hepatic steatosis and 

inflammation through a PEMT-mediated mechanism. Plin2 ablation in mice also 

resulted in decreased expression of the inflammation markers COX2, TNF, IL-1, and 
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IL-6. What follows is the global hypothesis on which the thesis is based, along with the 

specific aims that were used to test the hypothesis.  

 

HYPOTHESIS 

Plin2 interactions with lipids are promoted through high affinity binding within specific 

sites of the protein. These interactions stimulate inflammation under conditions of lipid 

excess by promoting binding to, and regulation of pro-inflammatory lipids, proteins, and 

miRNAs. 

 

SPECIFIC AIMS 

 In order to test the hypothesis, recombinant Plin2 protein, Plin2-overexpression 

cells, and Plin2 knockout mouse models were used in the following Specific Aims: 

1: Identify and characterize the lipid binding site of Plin2. 

2: Determine the effect of Plin2 ablation on lipid accumulation and inflammation.  

3: Determine the effect of altered Plin2 expression on microRNA regulation.  

 
 

SIGNIFICANCE 

 Developing therapeutic strategies to treat the increasing number of obesity related 

diseases is dependent on identifying potential protein targets of intervention. Lipid 

droplets and their associated proteins play a critical role in maintaining lipid 

homeostasis and perturbations in their function dramatically impact human health. 

Therefore lipid droplets and their associated proteins are desirable targets for the next 

generation of therapeutics. Our work to establish the effect of Plin2 on lipid metabolism 
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represents a comprehensive examination of the physiological relevance of Plin2. The 

work outlined in the following chapters supports a role for Plin2 not only as a lipid 

droplet surface coat protein but also as a key regulator of lipid metabolism and 

inflammation. This contribution is significant because it represents the first steps 

towards reaching the ultimate goal of treating and curing obesity related diseases.  
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ABSTRACT 

 Although Perilipin 2 (Plin2) has been shown to bind lipids with high affinity, the Plin2 

lipid binding site has yet to be defined. This is of interest since Plin2’s affinity for lipids 

has been suggested to be important for lipid droplet biogenesis and intracellular 

triacylglycerol accumulation. To define these regions, mouse Plin2 and several deletion 

mutants expressed as recombinant proteins and in mammalian cells were assessed by 

molecular modeling, fluorescence binding, circular dichroic, and FRET techniques to 

identify the structural and functional requirements for lipid binding. Major findings of this 

study indicate: 1) The N-terminal PAT domain does not bind cholesterol or stearic acid; 

2) Plin2 residues 119-251, containing helix 4, the  domain, and part of helix 6 

form a Plin3-like cleft found to be important for highest affinity lipid binding; 3) Both 

stearic acid and cholesterol interact favorably with the Plin2 cleft formed by conserved 

residues in helix and adjacent strands, which is common to all the active lipid-binding 

constructs; and 4) Discrete targeting of the Plin2 mutants to lipid droplets supports Plin2 

containing two independent, non-overlapping lipid droplet targeting domains in its 

central and C-terminal sequences. Thus, the current work reveals specific domains 

responsible for Plin2-lipid interactions that involve the protein’s lipid binding and 

targeting functions.  

INTRODUCTION 

 The lipid droplet protein perilipin 2 (Plin2, also known as adipose differentiation-

related protein, ADRP, or adipophilin) has been shown to play a key role in lipid droplet 

formation, (1) intracellular triglyceride accumulation, (1-4) and to bind lipids with high 

affinity, (5-8) yet little is known about the structure or location of its lipid binding site(s). 
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This represents a significant gap in knowledge since there is evidence that Plin2’s 

binding capacity may influence several lipid parameters including fatty acid uptake, (9) 

HDL-mediated cholesterol uptake/efflux, (8, 10) and VLDL content in mouse models of 

obesity (11).  In fact, a genetic variation in the Plin2 gene causing a serine to proline 

mutation (Ser251Pro) results in dysregulation of plasma lipid and lipoprotein profiles in 

humans, (12) possibly due to disruption of helical structure within a putative lipid binding 

site. As part of the Plin (or PAT, for perilipin/ADRP/TIP47) family of lipid droplet 

targeting proteins which includes Plin1/perilipin, Plin2/ADRP, Plin3/TIP47, Plin4/S3-12, 

and Plin5/OXPAT, Plin2 shares high sequence homology with members of the group 

(13). With Plin1 (14) and other lipid droplet-associated proteins such as caveolins, (15) 

the targeting and anchoring of proteins depends on targeting signals in the form of 

hydrophobic sequences. These signals are not however, conserved in Plin2, (14) 

suggesting different lipid droplet targeting mechanisms exist among lipid droplet 

associated proteins. In support of this, Plin2 contains two lipid droplet targeting domains 

that are not hydrophobic in nature (16, 17). These domains are non-overlapping 

suggesting that targeting of Plin2 to lipid droplets is controlled by the tertiary structure in 

which contributing residues are brought together to form the targeting signal (16, 17). 

Likewise, the lipid binding site of Plin2 may also be defined by the tertiary structure of 

the protein and may not be easily described by a linear sequence motif. In keeping with 

this, there is evidence that binding of cholesterol and other lipids by membrane proteins 

often occurs in grooves between helices and involves conserved spatial motifs (18-21). 

Based on sequence similarity (22) and predicted structure, (16, 17) several conserved 

regions within Plin2 have the potential to bind lipids including: 1) a highly conserved N-
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terminal hydrophobic domain (residues 1-115) known as the PAT domain (22, 23) that 

is involved in lipid droplet stabilization, lipid accumulation, and proteasomal degradation 

of Plin2; (23, 24)  2) the N-terminal 11-mer repeating domain located within residues 

103-215 (25, 26) that is believed to participate with part of the C-terminal domain to 

regulate secretion of milk lipids by forming an adaptive link between lipid droplets and 

the plasma membrane; (27) 3) two predicted lipid droplet targeting domains in the 

middle and C-terminal regions of the protein; (16, 17) and 4) a C-terminal α-β domain 

and a 4-helix bundle domain reminiscent of the LDL receptor binding domain of 

apolipoprotein E (25). The last structure was predicted based on homology between 

Plin2 and the known crystal structure of the closely related Plin3 (25).  In Plin3, the α-β 

domain and 4-helix bundle fold together into an L-shape, forming a cleft (13 Å at its 

widest, 18 Å long, and 10 Å deep) with several hydrophobic residues and a deep polar 

pocket of sufficient size to accommodate lipid ligands and interact with their polar 

groups. Since Plin2 and Plin3 share 42% overall sequence identity throughout and 35% 

identity in the C-terminal region (NCBI BLAST), substantial structural similarity is 

expected. In fact, a comprehensive study has shown that sequences with at least 25% 

identity over at least 80 residues have backbone structures that overlay closely (28). 

Recently, a structural model was presented for Plin2 based on sequence similarity to 

the known 3-dimensional structures of Plin3, apolipoprotein A1, the signal receiver 

domain of a putative luxo repressor protein, and dihydroorotate reductase (29).  Work 

presented here supports that an apolipophorin-like N-terminal domain and a Plin3-like 

C-terminal domain together can account for the overall tertiary fold of Plin2. Others have 

noted structural similarities between apolipoproteins and the N-terminal domain of Plin 
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proteins (25). Both contain 11-mer repeats (located within helix 4 and the domain 

in Plin2) that are found in other lipid- or membrane-associated proteins including 

phosphate cytidyltransferases and synucleins, (30) suggesting these domains may 

serve as lipid interacting sites in these proteins. In support of these findings, others 

have shown that structure predictions of 11-mer repeats, such as those described in the 

N-terminal regions of Plin2 and Plin3, do not produce stable helical entities in proteins 

such as synucleins (31, 32) and only adopt a helical structure upon interaction of lipid 

ligands or lipid membranes (33). Interestingly Bulankina et al demonstrated that the 11-

mer repeat region in Plin3 interacted with lipid droplet membranes through residues 87-

198 (34). Moreover, it was suggested that Plin3 adopts a distinct N-terminal and C-

terminal structure that extends upon membrane interaction to accommodate the lipid 

structure and cause lipid reorganization (34). Thus, despite structural similarities 

between Plin2 and Plin3, differences in the N-terminal and C-terminal regions contribute 

to the distinct functions of the proteins.   

 The present investigation was undertaken to examine the structure and location of 

the Plin2 lipid binding site(s) within conserved domains by characterizing Plin2 and 

several deletion mutants using molecular modeling, fluorescence binding, circular 

dichroism, and FRET techniques. Evidence is provided that lipid binding by Plin2 does 

not require the full-length protein, but instead employs residues from two helical bundle 

domains for highest affinity lipid binding and targeting to lipid droplets, activities that are 

dependent on strong Plin2-lipid or Plin2-membrane interactions. Crucial residues within 

these domains are 119-251, a region that contains helix 4, the domain (, 

and part of helix 6, included in the cleft region. Residues within ConSurf analysis 
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shows that surface-exposed residues within the cleft are highly conserved and likely to 

be functionally important. Furthermore, flexible docking of stearic acid and cholesterol 

into this region indicates favorable interactions with both ligands and the cleft formed 

from a polar pocket with surrounding hydrophobic residues. Since mutations in this 

region of Plin2 resulted in dysregulation of plasma lipid and lipoprotein profiles in 

humans, (12) study of the functional importance of this area is warranted.  

 

MATERIALS AND METHODS 

MATERIALS 

 Cholesterol and stearic acid were purchased from Sigma (St. Louis, MO). NBD-

Cholesterol and NBD-stearic acid were obtained from Molecular Probes (Eugene, OR). 

Expression vector pQE9-His was purchased from Addgene (Cambridge, MA). CFP-

fusion protein expression vector pECFP-N1 was purchased from BD Biosciences (BD 

Biosciences Clontech, Palo Alto, CA). Ni-NTA resin and M15 cells for protein 

expression were obtained from Qiagen (Chatsworth, CA). Rabbit anti-Plin2 polyclonal 

anti-body was prepared as described (35). Lipofectamine 2000 was purchased from Life 

Technologies-Invitrogen (Carlsbad, CA). 

 

BUFFERS 

 Buffer A contained 50 mM Na2HPO4 (pH 8.0), 300 mM NaCl, and protease inhibitors (1 

tablet per 50ml). Buffer B contained 20 mM Tris-HCl (pH 7.9), 100 mM Na2HPO4, 500 mM 

NaCl and 20 mM imidazole and 6M guanidine hydrochloride. Buffer C contained 20 mM 

Tris-HCl (pH 7.9), 500 mM NaCl, 20 mM imidazole, and 6 M urea. Buffer D was Buffer C at 

pH = 5.9. Buffer E was 10 mM Tris-HCl (pH 7.5), and 150 mM NaCl.  Buffer F contained 
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PBS, 2 mM EDTA, 10 mM DTT, and protease inhibitors. Buffer G contained PBS, 10 mM 

DTT, 0.1% SDS and 10% glycerol. Buffer H was PBS, 10 mM DTT and 2 M urea. Buffer I 

was Buffer H in 8 M urea. Buffer J was Buffer E at pH 8.3 plus 20mM imidazole. Buffer K 

was Buffer J at pH 7.5. Buffer L was Buffer E plus 50mM EDTA.   

 

PLASMIDS 

 The full coding sequence of mouse Plin2 cDNA was cloned into pQE9-His vector 

(Origene, Rockville, MD) following standard procedures. Unique restriction sites BamHI 

and HindIII were introduced by PCR amplification with the following forward and reverse 

primers: Plin2-forward, 5’-CAC GGA TCC ATG GCA GCA GCA GTA GTA GAT CCG 

CAA C -3’and Plin2-reverse, 5’-GTG AAG CTT TTA CTG AGC TTT GAC CTC-3’. The 

forward primer was designed with a silent mutation where guanine was replaced by 

adenine in the Plin2 sequence to remove a BamHI site located within the first 18 bp of 

the Plin2 gene. By cloning Plin2 cDNA into the pQE9-His vector, an N-terminal His-

Tagged fusion protein was formed upon expression that allowed recombinant protein to 

be purified using Ni-NTA based affinity chromatography. Expression plasmids for the 

deletion mutants were generated from the above construct by site-directed mutagenesis 

as described elsewhere (36) using the following primers: Plin2-C1 forward,  5’-CAT 

CAC GGA TCC ATG ACG ACT ACC ATG GCT GGA GCC-3’; Plin2-C1 reverse, 5’-

AGC CAT GGT AGT CGT CAT GGA TCC GTG ATG GTG ATG-3’; Plin2-C2 forward, 

5’-CAT CAC GGA TCC ATG GTC CAC CTG ATT GAA TTC GCC-3’; Plin2-C2 reverse, 

5’-TTC AAT CAG GTG GAC CAT GGA TCC GTG ATG GTG ATG-3’; Plin2-N1 forward, 

5’-GAT GTG ACG ACT TAA AAG CTT AAT TAG CTG AGC-3’; Plin2-N1 reverse, 5’-
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CTA ATT AAG CTT TTA AGT CGT CAC ATC CTT CGC-3’; Plin2-N2 forward, 5’-ACC 

ATT TCT CAG CTC TAA AAG CTT AAT TAG CTG AGC-3’; Plin2-N2 reverse, 5’-CTA 

ATT AAG CTT TTA GAG CTG AGA AAT GGT CTC CTG-3’. Plin2-I was made using 

Plin2-C1 as the template DNA and the primers used for creating Plin2-N2.  The 

resulting plasmids were sequenced to ensure fidelity and identity. 

 

EXPRESSION AND PURIFICATION OF RECOMBINANT PROTEINS IN 
ESCHERICHIA COLI CELLS 

 
 Recombinant Plin2 and the deletion mutants were purified as previously described 

with some modifications (5).  Briefly, proteins were overexpressed in E. coli host strain 

M15 and grown at 37 oC in 1 liter cultures containing 2X-YT medium with 100 µg/mL 

ampicillin until OD600 = 0.8, followed by induction with IPTG (1 mM). After 1 hour, cells 

were harvested by centrifugation (4 oC for 30 min at 3500 g). For purification of Plin2, 

Plin2-I, Plin2-N1, and Plin2-N2, pelleted cells were resuspended in Buffer A then 

sonicated. Lysates were centrifuged at 4 oC for 15 min at 25000 g and the pellet was 

solubilized in Buffer B and applied to a Ni-NTA column equilibrated in Buffer B. The 

column was sequentially washed with buffers B, C and D, and E. The protein was eluted 

using Buffer L and then checked for purity by SDS-PAGE analysis. For deletion mutants 

Plin2-C1 and Plin2-C2, the pelleted cells were resuspended in Buffer F, sonicated, and 

centrifuged at 4 oC for 15 min at 25000 g. The resulting pellet was washed 2x each with 

buffers G and H, solubilized in Buffer I, and centrifuged at 4 oC for 15 min at 25000 g. 

The supernatant was then sequentially dialyzed against PBS containing 10 mM DTT in 

decreasing concentrations of urea (6 M, 5 M, and 4 M urea). The protein in 4 M urea 

was then loaded onto a Ni-NTA column equilibrated in Buffer J. The column was then 
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sequentially washed with the buffers J and K, and then eluted with Buffer L. Analysis by 

SDS-PAGE and Western blotting as described in (4) allowed assignment of protein 

purity.  

 

PLIN2 STRUCTURAL PREDICTION AND ANALYSIS 

 The Hopp and Woods hydropathy analysis method (37) (web server: 

http://www.vivo.colostate.edu/molkit/hydropathy/index.html) was used to predict 

hydrophilic and hydrophobic segments within Plin2 based on a hydrophilicity index 

assigned to the amino acids, averaged over six successive residues. The PAT domain 

and two lipid droplet targeting domains in Plin2 were previously described (17, 24, 26). 

The secondary structure of Plin2 was predicted by the PredictProtein server at 

http://www.predictprotein.org (38). This method has greater than 72% accuracy, on 

average, in assigning α-helical, β-strand (extended) or loop conformation to protein 

residues. Secondary structural predictions of the Plin2 N-terminal region (residues 1-

171) were consistent with further analysis by PSIPRED (39, 40), SAM (41), and 

SABLE2 (42). Based on their significant (35%) sequence identity, the Plin2 C-terminal 

domain structure was modeled by homology to the structure of residues 209-431 in 

Plin3 (25) from Protein Data Bank entry 1SZI (43) by using Modeller (44, 45), as 

implemented in the ModWeb webserver (salilab.org/modweb). Given the absence of 

close homologs of known structure to the Plin2 N-terminal region, this sequence was 

submitted for analysis by the Pcons fold recognition web server (http://pcons.net/) to 

identify the 3-dimensional structural fold providing the most compatible amino acid 

environments and secondary structures. By comparing the top-scoring predictions from 

http://www.predictprotein.org/
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eleven different 3-dimensional modeling methods (Pcons, Pmodeller, PconsM, blast, 

forte, fugue, hhpred2, nfold, rpsblast, sam-t02 and sam-t08), Pcons selected the 

structural model for the N-terminal Plin2 region showing the highest degree of structural 

consensus among the results. The degree of amino acid conservation within 38 

homologs of the C-terminal domain of ADRP was assessed by ConSurf 

(http://consurf.tau.ac.il/), which automatically detects homologs, performs multiple 

sequence alignment, and maps amino acid conservation values onto the structure (46, 

47). Molecular graphics figures were rendered using PYMOL (Schrödinger, LLC) (35). 

Stearic acid interactions with the modeled Plin2 C-terminal domain were assessed by 

extracting the 3-dimensional structure of stearic acid from the PDB X-ray structure 

1HMT (48). Partial charges were assigned to its atoms with Molcharge v. 1.3.1 software 

from OpenEye Scientific Software (http://www.eyesopen.com; Santa Fe, NM). Low-

energy (favorable) flexible conformations of highly flexible stearic acid were then 

generated by using Omega2 v. 2.3.2 (also from OpenEye Scientific Software). Similarly, 

the 3-dimensional structure of cholesterol (residue 3001D) was extracted from PDB 

entry 3KDP (49). Partial charges were assigned with Molcharge, and low-energy 

conformations of the cholesterol hydrophobic tail were sampled with Omega2. The 

stearic acid and cholesterol conformers were evaluated for their ability to interact 

favorably with the conserved cleft in the 3-dimensional model of the C-terminal domain 

structure of Plin2 by using SLIDE version 3.3.5 software to dock each conformer of 

stearic acid or cholesterol into the cleft between the α-β domain and 4-helix bundle, and 

selecting the orientation and conformation with the most favorable predicted Gbinding to 
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Plin2, as assessed by SLIDE AffiScore. SLIDE models side-chain flexibility in both 

molecules during docking (50). 

 

CELLS CULTURE AND TRANSFECTIONS 

 Mouse L cell fibroblasts expressing CFP-labeled Plin2 and the deletion mutants 

were generated as described (4) using mammalian expression vector pECFP-N1 and 

unique restriction sites (XhoI, KpnI) introduced by PCR. Resulting expression plasmids 

were sequenced to verify identity and fidelity and then stably transfected into L cells 

using Lipofectamine 2000 from Life Technologies (Grand Island, NY) according to the 

manufacturer’s instructions. Clones surviving selection with G418 were cell-sorted for 

strong CFP signal under sterile conditions using an INFLUX cell sorter (BD scientific, 

Palo Alto, CA) and screened by Western blot analysis and fluorescence imaging to 

ensure stable expression of CFP-labeled protein. Mock transfectants (clones 

transfected with vector DNA without insert) were generated in parallel and were 

designated as controls.  

 

UREA DENATURATION STUDIES 

 To show the effects of protein unfolding on Plin2 tryptophan residues, protein-

denaturation studies in the presence of urea were performed as described (51). In brief, 

the intrinsic tryptophan fluorescence (excitation 295 nm, emission 300 to 400 nm) of 

three Plin2 tryptophans located at positions 283, 286, and 398 was collected using a 

Cary Eclipse fluorescence spectrophotometer (Varian, Walnut Creek, CA) at constant 

temperature (250C) before and after addition of increasing amounts of urea (up 6 M) to 
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Plin2 (100nM) in 10 mM NaH2PO4, pH 7.5. Samples were allowed to equilibrate 2 

minutes after addition of each urea aliquot. Data was corrected for background scatter 

originating from the buffer and analyzed to graphically show the tryptophan 

fluorescence spectrum at increasing urea concentrations and the percent fluorescence 

remaining after each addition. 

 

INTRINSIC TRYPTOPHAN FLUORESCENCE BINDING STUDIES 

 The binding of cholesterol and stearic acid to Plin2 was examined by measuring the 

fluorescence quenching of Plin2 tryptophan residues after addition of ligand as 

described (52, 53). In brief, the intrinsic tryptophan fluorescence of Plin2 (100 nM in 10 

mM NaH2PO4, pH 7.5) was monitored from 300 to 400 nm after excitation at 295 nm (to 

minimize interference from Plin2 tyrosine fluorescence) both before and after addition of 

increasing increments of cholesterol, stearic acid, arachidonic acid, and 

docosahexaenoic acid (up to 100 nM) using a Cary Eclipse fluorescence 

spectrophotometer. Data was corrected for background scatter originating from the 

buffer and increasing ligand without protein present. The intrinsic tryptophan 

fluorescence in the presence of different concentrations of ligand was plotted as the 

maximum fluorescence difference (F = Fo –F) vs. ligand concentration to yield a 

saturation curve where F and Fo were the measured fluorescence emission intensity of 

the protein solution in the presence and absence of ligand, respectively. The 

dissociation constant Kd was determined from the double reciprocal plot of the 

saturation curve. Linear regression of 1/[1-(F/Fmax)] versus [ligand]/(F/Fmax) yielded a 

slope = 1/ Kd and ordinate intercept = nEo/ Kd where F represented fluorescence 
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intensity at a given concentration of ligand, Fmax was the maximal fluorescence, 

[ligand] was the ligand concentration, Eo was the protein concentration, and n equaled 

the number of ligand binding sites. 

 

NBD-LABELED LIGAND BINDING ASSAYS 

 Since not all of the deletion mutations contained tryptophan residues, a fluorescent 

ligand binding assay was developed using NBD-Cholesterol and NBD-stearic acid as 

described (5-8). In brief, NBD-labeled lipids were added incrementally (0-300 nM) to 

proteins (Plin2 and Plin2 deletion mutants) at 100 nM in phosphate buffer (10 mM, pH 

7.5). Samples were allowed to mix 2-5 min after each addition before exciting at 469 

nm. Fluorescence emission spectra were recorded from 490 to 600 nm and integrated. 

Data was corrected for both background scatter originating from the buffer and 

increasing ligand without protein present. A saturation curve developed by plotting 

fluorescence intensities vs. ligand concentration and the double reciprocal plot of this 

curve allowed determination of Kd as discussed previously. 

CO-LOCALIZATION STUDIES 

 To show the ability of Plin2 and the deletion mutants to target to lipid droplets, co-

localization studies were performed as described (4, 35) with cells expressing full length 

Plin2 or one of the deletion constructs. Cells seeded at a density of 50,000 cells/well in 

4-well chamber slides (EZ Slide, Millipore, Billerica, MA) were treated overnight with 

oleic acid (100µM) 4-5 hrs after plating. After 16 hrs, cells were incubated with NBD-

Cholesterol (2µM) for 2 hours, then fixed in 3.7% formaldehyde for 20 min at room 
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temperature followed by washing (3x) with PBS. The cells were then blocked with 2% 

BSA and incubated with rabbit anti-CFP antibody (1:50) for 1 hr at room temperature. 

Since the transfected cells express CFP-labeled proteins (as described above), anti-

CFP was used in place of anti-Plin2 to discriminate endogenous Plin2 from the 

transfected mutant proteins. After extensive washing, cells were incubated with Cy5 

labeled anti-rabbit secondary antibody (1:100) in 2% BSA for 1 hr. Cells were washed 

with PBS and mounted with coverslips using fluorogel mounting medium (Electron 

Microscopy Science, Hatfield, PA). As a control, cells were also labeled with the Cy5-

labeled secondary antibody alone. Images were acquired sequentially on an Olympus 

FluoView 1000 Laser Scanning Confocal Microscope (Olympus Inc, Center Valley, CA) 

equipped with an IX81 automated inverted microscope and operated with Fluoview 

software. Fluorescence emission was detected using 488 nm excitation and 500/100 

band path emission filter for NBD-Cholesterol (green channel) and 635 nm excitation 

with a 725/30 band path filter for the Cy5 emission (red channel). To minimize 

photobleaching, samples were exposed to the light source for minimal time periods. 

Image files were analyzed using Metamorph software (West Chester, PA). Images 

derived from the red and green channels were combined and appeared as yellow to 

orange where superimposition of images derived from the red and green channels 

overlapped.  

FLUORESCENCE RESONANCE ENERGY TRANSFER MICROSCOPY 

 Acceptor photobleaching experiments were performed as previously described (4, 

54) on cells labeled as described above by measuring the fluorescence emission of the 

NBD donor through the 500/100 nm filter upon excitation at 488nm both before and 
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after photobleaching of the Cy5-acceptor excited at 635nm. Control experiments were 

performed to limit interference from non-specific fluorescence including: 1) Imaging non-

labeled cells to determine auto-fluorescence in the green channel (NBD) while 

maintaining maximum dynamic range; 2) Adjusting the gain and black levels in the red 

channel after excitation at 635nm to limit fluorescence bleed-through into the green 

channel; 3) Photobleaching NBD-labeled donor cells without Cy5 present to check for 

non-specific fluorescent increases in the donor channel to ensure that the donor 

intensity was not affected by bleaching the cells; and 4) Leaving one or two cells 

unbleached during the FRET experiment to serve as in-field bleaching control. To 

calculate the FRET efficiency (E), representing the efficiency of energy transfer between 

donor and acceptor, the following equation was used: E = 1-(IDA/ID) where IDA is donor 

fluorescence intensity before acceptor photobleaching and ID is the donor fluorescence 

intensity after acceptor photobleaching. An average E value was calculated from the 

NBD fluorescence emission increase after photobleaching. The intermolecular distance 

R between NBD-label and the Cy5-labeled Plin2 was calculated from the equation R = 

R0(1/E-1)(1/6), where E was experimentally determined and Ro was the Förster radius for 

the NBD-Cy5 FRET pair (56 Å). Since accurate determination within the cellular 

environment of parameters of the probes (e.g. donor quantum yield, acceptor extinction 

coefficient, and dipole orientation factor between donor/acceptor pair) involved in the 

calculation of R0 is difficult, interaction distances (R) were also presented in terms of R0, 

with R0 <75 Å such that κ2 <4 (55). 
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CIRCULAR DICHROIC ANALYSIS OF SECONDARY STRUCTURE 

 The far UV circular dichroic (CD) spectra of each protein was measured in 

phosphate buffer (10 mM NaH2PO4, pH 7.5 with 10 mM NaCl) in the presence and 

absence of ligand (cholesterol or stearic acid) to a final concentration of 5 µM. 

Experiments were performed at 25ºC in a 1 mm path length cuvette using a JASCO J-

815 CD spectrometer (JASCO Analytical Instruments, Easton, MD). Experiments with 

ligand were allowed to incubate for 2-5 min prior to each scan to allow maximal protein-

ligand interaction. CD spectra were recorded from 270 to 190 nm at a scan rate of 50 

nm/minute with a time constant of 1 s and bandwidth of 2 nm. For each experiment, 10 

iterations were performed in triplicate. Secondary structure analysis was carried out 

using the CDSSTR analysis program (56) with results reported as percentages of 

regular α-helices, distorted α-helices, regular β-strands, distorted β-strands, turns and 

unordered structures. In a separate experiment, measurements on purified recombinant 

Plin2 were performed at 5ºC, 25ºC, and 40ºC to determine the dependence of 

secondary structure on temperature.  

 

STATISTICS 

 All values were expressed as the means ± SE. Statistical analyses were performed 

using Student’s t test or one-way ANOVA with Newman Keuls posthoc test (GraphPad 

Prism, San Diego, CA) to determine statistical significance. Values with P < 0.05 or less 

were considered significant. 
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RESULTS 

PREDICTION OF PLIN2 SECONDARY STRUCTURE AND CONSERVED DOMAINS 

 To understand how ligand binding relates to structure, the secondary structure of 

Plin2 was predicted using several prediction programs including PredictProtein, (38) 

PSIPRED, (39, 40) SAM, (41) and SABLE2 (42). Results from these programs indicated 

that the secondary structure of Plin2 is mostly α-helical in nature (9 α-helices) with 5 β 

strands inter-connected by random coils (Fig. 8A). The Plin2 N-terminal region contains 

2 -strands (1, 2) and 4 -helices (α1, α2, α3, and α4). Based on homology to the C-

terminal domain of the crystal structure of Plin3, the Plin2 C-terminal region is predicted 

to contain an domain (α5, 3), a 4-helix bundle (α6- α9), and 2 strands (4, 5) 

that together form a deep cleft that is conserved in the perilipin family and large enough 

to bind lipids (25). In addition, several conserved regions have been identified within 

Plin2 including a highly conserved hydrophobic domain within the N-terminal region 

(residues 1-115) known as the PAT domain (Fig. 8B), which was shown to participate in  
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the stabilization and accumulation of lipid droplets and to determine proteasomal 

degradation of Plin2; (22-24) an 11-mer repeating unit of unknown function within 

residues 103-215 (Fig. 8A); and two lipid droplet targeting domains (16, 17) located in 

the middle and C-terminal regions (Fig. 8B) that participated with part of the C-terminal 

domain to regulate secretion of milk lipids (13, 27). Alternating patterns of 

hydrophobic/hydrophilic segments are observed in Plin2 (Fig. 8C) and Plin3 (Fig. 8D) 

over the N-terminal PAT domain and 11-mer repeat region from patterns of 

hydrophobicity predicted using the method of Hopp and Woods (37). In keeping with the 

high degree of homology shared between these proteins, similar hydrophobic 

characteristics were observed for both Plin2 and Plin3. Large segments of hydrophobic 

sequence conducive to membrane targeting were not observed with either protein, 

suggesting that regions within the protein come together spatially to form larger 

recognition surfaces for hydrophobic ligands including the membrane itself.  

 To assess the lipid binding affinities of these regions, Plin2 and several Plin2 

deletion mutants that contain select regions within Plin2 with the potential to bind lipids 

were expressed in E. coli and purified as recombinant proteins. The deletion mutants 

included regions containing the PAT domain, (23) one or two of the lipid droplet 

targeting domains, (16, 22) or the central alpha/beta domain residues near the cleft in 

the C-terminal region (25) (Fig. 8E).  
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EFFECT OF UREA AND TEMPERATURE ON PLIN2 STRUCTURE: INTRINSIC 
TRYPTOPHAN FLUORESCENCE QUENCHING AND CD ANALYSIS 

 
 Recombinant full length Plin2 protein was overexpressed and purified as described 

in the Methods section (Fig. 9). To determine if the recombinant Plin2 protein was 

conformational and functionally intact, two distinct experiments were performed.  First, 

to show the effects of protein unfolding, Plin2 was titered against increasing amounts of 

urea, up to 6 M.  Protein unfolding was monitored via tryptophan fluorescence, as 

described in (51) and in the Methods section. Tryptophan fluorescence, in contrast to 

tyrosine fluorescence, is sensitive to solvent polarity, therefore it can be used as a 

measure of protein folding (55).  Plin2 contains three tryptophan residues in the C-

terminal region at positions 283, 286, and 398. More importantly, the tryptophan 

residues are located in the 4-helix bundle of the predicted binding region of the protein. 

Analysis of the Plin2 tryptophan fluorescence emission collected from 300 nm to 400 

nm showed the refolded full length Plin2 protein exhibited a typical emission spectra 

with maxima at 327 nm (Fig. 10A), indicating a blue-shift relative to tryptophan in water 

where the fluorescence maximum is 348 nm (57). Addition of increasing concentrations 

of urea (up to 6 M) resulted in fluorescence quenching of one or more of the three 

tryptophan residues (Fig. 10A). A red-shift in the emission maxima to 332 nm at 4.6 M 

urea was observed, indicating increased exposure of the residues to the hydrophilic 

solvent. At 6 M urea, only 22% of the initial tryptophan fluorescence remained indicating 

substantial exposure of the tryptophan residues to the solvent. It is this 78% decrease in   
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tryptophan fluorescence and red shift that is indicative of denaturation of the refolded 

protein (Fig. 10B).  

 Second, to show the effects of protein unfolding on Plin2 secondary structure, 

changes in the CD spectra at increasing temperatures was examined. At room 

temperature (250C) recombinant Plin2 exhibited a double minimum at ~208 and 222 nm 

signifying substantial amounts of α-helices were present (Fig. 10C). However, the molar 

ellipticity at 208 nm was lower than at 222 nm suggesting a subtle influence of random 

coils and -sheets. Upon lowering the temperature to 50C, the minima at 208 nm and 

222 nm were intensified, consistent with slower conformational transitions and 

enhanced resolution. In contrast, at 400C the protein began losing its secondary 

structure as the peak intensities approached zero molar ellipticity (Fig. 10C). Results 

from these studies indicated that Plin2 tryptophans in the refolded protein were sensitive 

to urea denaturation. Moreover, CD analysis of the secondary structure of the refolded 

protein was consistent with predictions and exhibited enhanced resolution at lower 

temperatures but destabilization when temperatures were increased above room 

temperature.  

 

TRYPTOPHAN QUENCHING BINDING STUDIES: FULL LENGTH PLIN2 BINDS 
CHOLESTEROL, STEARIC ACID, ARACHIDONIC ACID, AND DOCOSAHEXAENOIC 

ACID (DHA) WITH HIGH AFFINITY 
 

 The binding affinities of full length Plin2 for cholesterol, stearic acid, arachidonic 

acid, and DHA were determined by measuring changes in the intrinsic tryptophan 

fluorescence of Plin2 upon ligand addition as described in the Methods section. 
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Fluorescence quenching of one or more of the three tryptophan residues located in the 

C-terminal 4-helix bundle resulted in a decrease in fluorescence signal intensity when 

ligand was added. It should also be noted that in some cases binding of ligand can 

increase tryptophan fluorescence. In situations where an increase is observed, the 

tryptophan residues become embedded in a hydrophobic environment either by directly 

interacting with the lipid residue or by a conformational change in which 

the reverse of tryptophan quenching occurs. Since addition of the lipid ligand was seen 

to cause conformational changes in Plin2, the decrease in tryptophan fluorescence 

upon lipid binding in the present work is thought to arise from the exposure of 

tryptophans to water. Saturable binding curves for cholesterol (Fig. 11A), stearic acid 

(Fig. 11B), arachidonic acid (Fig. 11C), and DHA (Fig. 11D) were observed and the 

dissociation constant Kd determined for each ligand to reveal Kd values of 7 + 1 nM, 80 

+ 9 nM, 22 + 1 nM, and 46 + 6 nM, respectively at a single site that was not necessarily 

the same for each ligand. Thus, Plin2 exhibited very high affinity for cholesterol and less 

so for the saturated fatty acid stearic acid, consistent with values obtained from previous 

studies (5, 6, 8). High affinity binding was also observed with the polyunsaturated fatty 

acids arachidonic acid (20:4n-6) and DHA (22:6n-3), indicating that the purified 

recombinant Plin2 protein contained an active ligand binding site for these lipids. 
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NBD-LABELED BINDING STUDIES: PLIN2 AND DELETION MUTANTS BIND 
CHOLESTEROL AND STEARIC ACID WITH SELECTIVE AFFINITY 

 
  Recombinant Plin2 deletion mutants were overexpressed and purified as described 

in the Methods section (Fig. 9). To establish the ability of Plin2 and the deletion mutants 

to bind lipids such as cholesterol and stearic acid, NBD-labeled lipid binding assay were 

performed as previously described (5-8). The NBD-fluorophore in NBD-lipids was 

sensitive to environmental hydrophobicity and therefore provided a useful tool to 

determine ligand binding affinity. NBD-cholesterol showed minimal fluorescence in 

aqueous buffer with an emission maximum (max) equal to 545nm. Addition of Plin2 or 

the deletion mutant proteins resulted in increased fluorescence with shifts in max to 

blue wavelengths (0-5 nm) indicating binding of the probe to a site increasingly more 

hydrophobic than the aqueous buffer (Table 1). With full length Plin2, Kd  = 11 + 2 nM 

(Table 1), in keeping with results from the tryptophan quenching studies (Fig. 11A) and 

with previous reports (5, 8). In comparison, deletion mutants Plin2-C1 (Fig. 12B), Plin2-I 

(Fig. 12F), Plin2-N2 (Fig. 12E), and Plin2-C2 (Fig. 12C) showed significantly less affinity 

for NBD-cholesterol (Table 1). Most interestingly, deletion mutant Plin2-N1 (Fig. 12D) 

did not bind NBD-cholesterol, showing little to no increase in fluorescence over the 

buffer control. This last result indicated that the cholesterol binding site for Plin2 did not 

reside within the PAT domain.   

 In similar fashion, the full length protein bound NBD-stearic acid with Kd = 121 + 12 

nM. These results were comparable to the higher affinity observed (Kd = 80 + 9 nM) with  
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Table 1. Cholesterol and stearic acid binding to Plin2 and the deletion 
mutants.  

          NBD-Cholesterol NBD-Stearic Acid 

Protein Kd (nM) max (nm) Kd (nM) max (nm) 

Plin2 11 ± 2 543 121 ± 12 544 

Plin2-C1 48 ± 3*,@ 540   69 ± 7*,@ 538 

Plin2-C2 98 ± 10*     545      160 ± 3*     544 

Plin2-N1 ND 548 ND 545 

Plin2-N2 50 ± 6*,@ 543 92 ± 14@ 547 

Plin2-I 34 ± 4*,@ 540 90 ± 7@ 540 

The dissociation constant (Kd) and emission maximum (max) of Plin2 and 
the deletion mutants for NBD-labeled cholesterol and stearic acid were 
determined using a fluorescent lipid binding assay as described in the 
Materials and Methods section. Values represent the mean ± SE (n=3-4). (*) 
indicates P ≤ 0.05 as compared to full length Plin2. (@) indicates P ≤ 0.05 as 
compared to Plin2-C2. ND indicates no detectable binding was observed.  
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unlabeled stearic acid in the tryptophan quenching study (Fig. 11B).  Likely, the 

decrease in affinity observed with the labeled ligand was due to the NBD group and its  

position within the binding pocket. However, despite the differences in Kd values 

between the labeled and unlabeled ligands, both bound with affinities consistent with 

results from previous reports (5, 6). NBD-lipid binding studies were also performed with 

acyl CoA binding protein (ACBP), a cytosolic lipid binding protein that exclusively binds 

long-chain fatty acyl CoA (58) but not cholesterol or fatty acids (59). When increasing 

concentrations of NBD-lipids were added to ACBP in solution, no increase in 

fluorescence was observed after background subtraction, indicating that ACBP did not 

bind either lipid (data not shown). These results support the specificity of Plin2 for NBD-

labeled lipids. 

 

INTRACELLULAR TARGETING AND FRET ANALYSIS 

 The extent of Plin2/lipid interactions on the lipid droplet surface were determined in a 

series of experiments using NBD-labeled cholesterol in colocalization and FRET 

assays. First, co-labeling of NBD-cholesterol with Cy5-labeled Plin2 overexpressed in L 

cells was accomplished as described in the Methods section and repeated with each 

deletion mutant. Simultaneous acquisition of multiple confocal images of NBD-

cholesterol co-labeled with Cy5-proteins revealed the following: 1) Plin2 (Fig. 13A) and 

Plin2-I (Fig. 13F) expression cells showed increased numbers of  lipid droplets as 

compared to the control (data not shown) and other mutant expression cell lines. 

Likewise, these expression cells showed full targeting to the lipid droplet surface. 
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2) Plin2-C1 (Fig. 13B) and Plin2-C2 (Fig. 13C) expressing cells exhibited partial 

targeting to lipid droplets, resulting in diminished lipid droplet number as compared to 

cells expressing full length protein or Plin2-I. 3) Plin2-N2 (Fig. 13E) also showed partial 

lipid droplet targeting but diminished number of lipid droplets as compared Plin2-C1 or -

C2 expression cells. 4) In contrast, Plin2-N1 (Fig. 13D) showed no targeting and the 

least amount of lipid droplets. These results suggested that Plin2 lipid droplet targeting 

was closely related to the amount of lipid droplets produced. Second, in expression 

clones that targeted to lipid droplets, FRET analysis was performed as described in 

previous work (4, 54) to ascertain if the Cy5-labeled proteins and the NBD-cholesterol 

(ligand) are in close proximity for binding.  With appropriate choice of fluorescent 

probes, FRET detects direct interactions at the molecular level when the donor and 

acceptor are in within distances of 10-100 Å.  FRET was observed between NBD-

Cholesterol (donor) and Cy5-labeled Plin2 (acceptor) by measuring the amount of 

increase in donor intensity after acceptor photobleaching. The calculation of the FRET 

efficiency (E), a measure of the extent of probe overlap, was determined as 25 + 5 

(Table 2), values consistent with efficient overlap of electronic states and direct 

interaction of NBD-cholesterol and Plin2 on the lipid droplet surface. The FRET 

efficiency represents a mean interaction distance of 1.20 R0.  Using the calculated 

Förster radius, R0 = 56Å, the mean interaction distance was calculated to equal 67 + 4 

Å, indicating close proximity (Table 2). In similar fashion, FRET was performed with 

NBD-cholesterol and the Cy5-labeled deletion mutants to show FRET occurred between 

the NBD-labeled ligand and the following deletion mutants: Plin2-C1, Plin2-C2, and 

Plin2-I with R values ranging from 85-96 Å (Table 2). No FRET was observed with 
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Table 2. Intracellular targeting and FRET analysis of Plin2 and the deletion 
mutants in transfected L cells.  

Protein 
Intracellular 

Targeting 
E (%) R(R0) R (Å) 

      Plin2         LD       25 ± 5    1.20R0    67 ± 4 

   Plin2-C1         LD, Cytosol         7 ± 1    1.54R0    86 ± 4 

   Plin2-C2         LD, Cytosol       13 ± 3    1.37R0    77 ± 4 

   Plin2-N1         Cytosol          ND      ND      ND 

   Plin2-N2         LD, Cytosol          ND      ND      ND 

   Plin2-I         LD         9 ± 1    1.47R0    82 ± 4 

Intracellular targeting, FRET efficiencies E, and distance R between Cy5-
labeled Plin2 deletion proteins and NBD-cholesterol were determined as 
described in the Materials and Methods section. FRET was not detected (ND) 
in Plin2-N1 or Plin2-N2 expression cells. Values reflect mean ± SE from n>20 
lipid droplets (LD) from 20-30 cells. Intracellular targeting indicated localization 
sites of Cy5-Plin2 (red) and NBD-Cholesterol (green) where yellow-to-orange 
indicated colocalization of the probes. 
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 Plin2-N1 or Plin2-N2. Taken together, these findings were consistent with results from 

the binding studies and indicated that Plin2 and several of the deletion mutants directly 

interacted with NBD-Cholesterol on the lipid droplet surface. 

 

CIRCULAR DICHROIC ANALYSIS OF ADRP AND DELETION MUTANTS 

 To further examine how structure affects function, the secondary structures of Plin2 

and the deletion mutants were analyzed by circular dichroism (CD) both with and 

without ligand (cholesterol and stearic acid). In absence of ligand, the CD spectrum for 

full length Plin2 (Fig. 14A, solid line) showed a double minimum at ~208 and 222 nm 

signifying the presence of substantial amounts of α-helices. The molar ellipticity was 

slightly lower at 208 nm than at 222 nm however, indicating a significant amount of 

unordered structure or random coil. A similar trend was visible in the spectra for Plin2-

N1 and Plin2-N2 before addition of ligand (Fig. 14D and 14E, solid lines). In contrast, 

the CD spectra for deletion mutants Plin2-C1, Plin2-C2 and Plin2-I (Fig. 14B, 14C and 

14F, solid lines) showed a fairly well balanced molar ellipticity at both wavelengths 

along with a strong positive peak at 190nm-200nm, indicating that these mutants had 

less unordered structure and retained strong α-helical character.  These results were 

supported when the data was analyzed using CDSSTR software. Quantitative analysis 

of multiple CD spectra revealed that deletion mutants Plin2-C1, Plin2-C2 and Plin2-I 

exhibited the lowest proportion of unordered structure (29%, 29%, and 31%, 

respectively) and high -helicity (Table 3). Similar results were shown by SELCON2 

analysis (data not shown).  
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 Further analysis of the secondary structure of Plin2 showed that Plin2 contained 

21.8% α-helices and 24.5% β-strands based on analysis by CDSSTR analysis (Table 3) 

with similar results observed with SELCON3 analysis (data not shown). A comparison of 

the secondary structure of Plin2 to that of each deletion mutant showed that Plin2-C1 

and Plin2-C2 had a higher percentage of α-helices (regular and distorted) than Plin2. 

These results were consistent with secondary structure predictions (Fig. 8A) since 

Plin2-C1 contained the 4-helix bundle (α6, α7, α8, α9) and Plin2-C2 contained α7, α8, 

α9, giving them the highest α-helical percentage within the group. In contrast, the other 

three deletion mutants; Plin2-I, Plin2-N1, and Plin2-N2 exhibited less α-helical structure 

than full length Plin2 based on both methods of analysis with results showing a 

respective 16.4%, 10.5%, and 16.5% α-helical structure (regular and distorted). The 

percentage of β-sheets (regular and distorted) was also significantly higher in Plin2 

(24.5%) when compared to Plin2-C1 (11.5%) and Plin2-C2 (19.1%) but significantly less 

than Plin2-I (30.2%), Plin2-N1 (40%), or Plin2-N2 (27.2%). Results from CDSSTR 

analysis showed that Plin2 had significantly more β-turns (21.8%) than Plin2-C2 

(19.1%) but less than Plin2-N2 (23.4%). There were no significant differences between 

Plin2-C1, Plin2-I (19.3%) and Plin2-N1. In summary, in the absence of ligand, the C-

terminal region of Plin2 (residues 119-436) exhibited a strong α-helical character with 

less unordered structure as compared to the full length protein or mutants containing 

the N-terminal region (residues 1-119).  Alternatively, the N-terminal region of the 

protein contained significantly more unordered structure than the C-terminal region. 
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Table 3. Predicted secondary structures of Plin2 and the deletion mutants in the 
presence and absence of cholesterol and stearic acid. 

                                Secondary Structure (%) 

    H(r)    H(d)     S(r)    S(d)   Turns   Unrd 

Plin2 

(-)Ligand 

(+)Chol 

(+)STA 

10.3±0.1 

12.05±0.4** 

9.9±0.1** 

11.5±0.2 

11.7±0.3 

11.1±0.2 

15.0±0.1  

15.3±0.1 

15.0±0.3 

9.5±0.1 

9.4±0.1 

9.9±0.1** 

21.8±0.1 

21.5±0.4 

21.9±0.1 

31.7±0.1 

31.1±0.2 

32.2±0.2 

Plin2-C1 

(-)Ligand 

(+)Chol 

(+)STA 

21.3±0.2* 

27.7±0.2** 

18.3±0.2** 

19.6±0.6* 

23.6±0.2** 

18.3±0.2 

6.1±0.6* 

5.0±0.1 

7.0±0.6 

5.4±0.4* 

4.9±0.1 

6.5±0.1 

19.1±1 

18.2±0.2 

20.9±0.8 

28.0±0.5* 

26.9±0.2 

29.2±0.4 

Plin2-C2 

(-)Ligand 

(+)Chol 

(+)STA 

18.6±0.1* 

19.6±0.4 

18.8±0.1 

14.2 ± 0.1* 

13.4±0.1** 

14.1±0.1 

11.2±0.1* 

11.3±0.7 

11.3±0.1 

7.9±0.1* 

8.1±0.1 

8.0±0.1 

19.1±0.1* 

19.1±0.5 

19.0±0.2 

29.1±0.1* 

29.7±0.2 

28.6±0.1** 

Plin2-I 

(-)Ligand 

(+)Chol 

(+)STA 

7.5±0.2* 

6.3±0.1** 

6.9±0.1 

8.9±0.1* 

9.1±0.1 

8.5±0.1** 

19.0±0.2* 

19.4±0.1 

19.9±0.1** 

11.2±0.1* 

11.2±0.1 

11.6±0.1** 

21.9±0.1 

21.8±0.1 

22.1±0.1 

30.6±0.1* 

30.9±0.2 

30.3±0.1 

Plin2-N1 

(-)Ligand 

(+)Chol 

(+)STA 

0.8±0.5* 

0.4±0.1 

0.1±0.1 

2.5±0.8* 

3.8±0.2 

3.6±0.4 

26±3* 

26.5±0.7 

25.7±0.2 

14±1* 

12.5±0.1 

12.4±0.1 

27±2 

22.1±0.6 

24±1 

30±4 

33.8±0.2 

32±1 

Plin2-N2 

(-)Ligand 

(+)Chol 

(+)STA 

6.5±0.1* 

5.2±0.4** 

6.9±0.2 

10.0±0.2* 

7.1±0.4** 

10.4±0.1 

16.5±0.1* 

18.1±0.3** 

16.1±0.1** 

10.7±0.1* 

11.0±0.2 

10.6±0.1 

23.4±0.1* 

23±1 

23.5±0.2 

33.0±0.2* 

33±1 

32.6±0.2 

All conditions were as described in the Materials and Methods section. Values represent 
the mean ± SE (10 iterations/run performed in triplicate) analyzed by CDSSTR. H(r) 
indicates regular α-helices; H(d), distorted α-helices; S(r), regular β-sheets; S(d), 
distorted β-sheets; Unrd, unordered structures. Chol refers to cholesterol and STA to 
stearic acid. (*) indicates P ≤ 0.05 as compared to Plin2 without ligand. (**) indicates P ≤ 
0.05 as compared to each protein in the absence of ligand. 
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 The effect of ligand binding on secondary structure was also examined. The addition 

of cholesterol (Fig. 14A, closed circles) and stearic acid (Fig. 14A, open circles) altered 

the shape of the CD spectrum of full length Plin2, intensifying the minima at 208 nm with 

cholesterol but diminishing the peak when stearic acid was present. These alterations 

were reflected by significant changes in the percent composition of helical structures 

where an increase and decrease respectively, were observed when cholesterol and 

stearic acid were added to the protein. With the deletion mutants, subtle changes in the 

CD spectra were also observed upon addition of ligands. As with the full length protein, 

the CD spectrum of Plin2-C1 showed a significant increase in the intensity of the 208 

nm minimum when cholesterol was added but a significant decrease upon addition of 

stearic acid, reflecting significant increases in both disordered helices and unordered 

structures while decreasing the percentage of β-sheets (Fig. 14B, Table 3). Subtle 

conformational changes in the CD spectra were also observed with Plin2-C2, Plin2-I, 

and Plin2-N2 upon ligand addition, reflecting significant changes in percentage of α-

helices and β-sheets based on CDSSTR analysis (Table 3). All three mutants exhibited 

significant decreases in α-helical structure when cholesterol was added, concomitant 

with significant increases in -sheet and unordered structure (Table 3). In summary, the 

CD results were consistent with the predicted secondary structure (Fig. 8) and indicated 

that several of the proteins were sensitive to ligand binding. Lack of conformational 

change upon ligand binding with deletion mutant Plin2-N1 was consistent with results 

from the binding studies which indicated that this mutant did not bind cholesterol or 

stearic acid. Interestingly, the decrease in signal, along with the increase in unordered 

structure upon addition of stearate was indicative of a more flexible binding pocket that 
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does not enhance the secondary structure of Plin2.  Conversely, addition of cholesterol 

enhanced CD signal and increased the percentage of helical character.  This 

increase in structured secondary structure suggests that binding of cholesterol was 

dependent on a defined secondary structure. 

 

THE TERTIARY STRUCTURE OF THE PLIN2 C-TERMINAL DOMAIN DEFINES A 
CLEFT THAT CAN INTERACT FAVORABLY WITH STEARIC ACID AND 

CHOLESTEROL 
 

  The tertiary structure of Plin2 (Fig. 15A) was modeled by using two comparative 

modeling approaches.  Homology modeling by Modeller  (44) (web server: 

http://salilab.org/modweb) was employed for the C-terminal domain based on its 

sequence similarity to Plin3, since this technique provides the most accurate structural 

models. Modeller constructed a homology model of the structure of C-terminal residues 

190-409 of murine Plin2 (Fig. 15A) based on its alignment with murine Plin3 (also 

known as TIP47) with 38% sequence identity, well above the 25% threshold required for 

confident homology modeling (28). In the absence of a structural template with high 

enough sequence similarity to the N-terminal region of Plin2 to allow homology 

modeling, the next most accurate approach, fold recognition, was used. This approach 

defines the best-matching structural template in the Protein Data Bank (PDB) based on 

the compatibility of the query sequence with the primary and secondary structure of the 

NMR or crystal structure being evaluated as a template, and the favorability of the 3-

dimensional chemical interactions of each residue with its neighbors when modeled 

using that particular 3-D structure. The Pcons.net (http://pcons.net) server was used to 

model residues 1-171 of murine Plin2 based on the consensus of predicted structures  
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Figure 15. Plin2 has an apophorin-like N-terminal domain and a Plin3-like C-

terminal domain containing a potential lipid binding cleft. 
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Figure 15. (cont’d). The N-terminal domain structure of Plin2 (residues 1-171; shown in 
yellow ribbons) was modeled using the nfold fold recognition server via Pcons, based 
on the high degree of Plin2 sequence and secondary structural compatibility with the 3-
dimensional structure of apolipophorin III (PDB entry 1AEP) and this model’s consensus 
with the top-scoring results from 11 other fold recognition predictions for the N-terminal 
Plin2 sequence, all of which are alpha-helical bundles.  This structure contains 5 helices 
connected by turns in a compact bundle.  This model for the N-terminal 171 residues of 
Plin2 received a Pcons consensus score of 0.77, indicating a high degree of shared 
features with the top-scoring models from the different fold recognition methods. A value 
of 0.77 corresponds to 98% sensitivity (meaning 98% of the proteins of similar fold are 
predicted correctly) and 94% specificity (meaning that 94% of proteins with dissimilar 
folds will not be incorrectly assigned as similar in fold). The homology model of the C-
terminal domain of Plin2 appears to the right in panel (A), based on its 38% sequence 
identity with the crystal structure of the corresponding region in Plin3 (residues 191-437, 
PDB entry 1SZI). The structure contains a 4-helix bundle (cyan, green, orange and red 
helices), which together with an α-β domain (blue, magenta and light grey) form the 
cleft.  Stearic acid (the U-shaped light blue-colored stick figure, with carboxylate 
oxygens in red) is shown positioned in this cleft, based on the most energetically 
favorable binding mode predicted by SLIDE (48). Cleft residues include Val203, Tyr215, 
Ala233, Arg236, Val237, Ala240, Thr325, Val326, Asn329, Gln331, Trp398, Leu399, 
Val400, Pro402 and Phe403. (B) ConSurf analysis of residue conservation in the 
perilipin family, color-mapped onto the surface of the Plin2 C-terminal domain.  The 
position of the cleft is indicated by the predicted binding mode for stearic acid (light blue 
stick figure). Dark blue to green surface indicates the most highly and next most highly 
conserved residues in perilipins mapped onto the Plin2 structure, and yellow to red 
indicate increasingly low conservation. (C) Atom-colored surface representation of the 
same region in Plin2 (green for carbon, blue for nitrogen, and red for oxygen atoms). 
Hydrogen-bonding atoms are found deep in the cleft ringed by hydrophobic surface, 
positioned such that they can bridge to the predicted position of the carboxylate group in 
stearic acid. (D) Predicted most favorable mode of cholesterol binding (pink tubes) with 
the conserved cleft of Plin2, shown with surface colored by residue conservation (as in 
panel B, above). 
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from 11 different fold recognition methods. Of the 10 highest-consensus structural 

models provided by Pcons, two corresponded to functionally relevant apolipoprotein 

structures that form compact -helical bundles: apolipophorin III (PDB entry 1AEP, 

residues A6-A158); (60) and apoliprotein A-I (PDB entry 2A01, residues A44-A187 (61). 

The apolipophorin-based model for Plin2 was chosen based on having higher sequence 

identity (20%, relative to 10% sequence identity for apolipoprotein A-I). Additionally, the 

matched region of Plin2 corresponds to the entire helical bundle structure of 

apolipophorin, including a fifth, irregular helix, as shown in yellow in Fig. 15A. This 

model is consistent with previous studies suggesting N-terminal domain homology with 

apolipoproteins (25, 27). Together, the N-terminal apolipophorin (left side of Fig. 15A) 

and C-terminal Plin3-based structural model (right side of Fig. 15A) cover all but the 18 

linking residues between the two domains and the 16 C-terminal residues of Plin2, 

which could not be modeled due to lack of homology. A close sequence match in the 

PDB was found for 13 of the 18 linking residues in Plin2 (VDNAITKSELLVD) which 

match residues A136-A153 in PDB entry 1E6B (VNNAITKGFTALEKLLVN), forming an 

alpha helix (62). The central residues FTAL in this known structure are an insertion 

corresponding to a full turn of helix not found in the Plin2 sequence. Though the 

matching sequence comes from a glutathione S-transferase, which is unlikely to be a 

functional homolog of Plin2, an exact match of 9/13 residues between these two 

peptides means they are statistically likely to fold the same, as an alpha helix as 

previously described (28). Thus, the C-terminus (yellow sphere at bottom center of Fig. 

15A) of the apolipophorin-like domain and the N-terminus (blue sphere) of the Plin3 

domain may well be connected by a helical linker. The model presented here is 
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consistent with the solution based structures for Plin3 described by Hynson et al., who 

show the Plin3 C-terminal domain as one-half of an elongated structure (33). Their 

volumetric profile is consistent with end-to-end packing of the N-terminal and C-terminal 

domains in the Plin3 solution structure. 

 ConSurf multiple-sequence alignment of 38 diverse proteins in the Plin family 

yielded conservation values for each residue, which were color-mapped onto the 

surface of the Plin2 C-terminal domain structure and defined a cleft region (Fig. 15B). In 

the model, blue identified highly conserved residues with a gradient towards green, 

yellow, orange and red indicating decreasing chemical conservation. The Plin2 model 

was also colored by atom type, with blue for nitrogen atoms, green for carbon, and red 

for oxygen atoms (Fig. 15C). In both models the most favorable mode of stearic acid 

interaction with the cleft was predicted by SLIDE molecular docking (50) to reveal 5,613 

favorable conformers of stearic acid generated by Omega2, including protein side-chain 

and ligand single-bond rotations for steric complementarity between stearic acid and 

Plin2. The result was an orientation of stearic acid and conformation of Plin2 side chains 

that yielded a favorable predicted Gbinding (-7.5 kcal/mol). The resulting orientation of 

stearic acid matches a highly conserved surface patch in Plin2 (blue region, Fig. 15B), 

as well as placing the terminal carboxylate group of stearic acid within favorable 

distance of conserved hydrogen-bonding groups, including the Arg236 guanidinium on 

helix α6, the side-chain amines of Asn329 (helix α6) and Trp398 (β4), and the main-

chain nitrogen of Gly401 (β4), all absolutely conserved between Plin2 and Plin3. Since 

some of the deletion mutants (e.g., Plin2-N2 or Plin2-C2) remove several residues 

contributing to the cleft, the stearic acid binding orientation would likely differ in those 
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cases. In fact, Plin2-C2 most likely retains lipid binding ability despite lack of key 

structural features of the cleft domain (helix 4, the  domain, and part of helix 6) 

due to retention of interacting residues including Asn329, Trp398 (β4), and Gly401. 

Docking of cholesterol into the same cleft (Fig. 15D) resulted in greater predicted affinity 

of binding (-9.6 kcal/mol) relative to steric acid. Cholesterol formed interactions with 

several residues including Val205, Phe208, Val211, the aliphatic part of Lys213, and 

Tyr217 in the α-β domain, Thr325 and Val328 in helix α7, and Pro402 in strand β4. 

Hydrophobic contacts were also made with the collar region created by the conserved 

residues identified in Plin3 (25). Since these residues are conserved between Plin2 and 

Plin3, similar lipid interactions are also possible in Plin3.   

 

DISCUSSION 

 Previous studies demonstrated that Plin2 binds lipids with high affinity (4-8) and is 

involved in lipid droplet formation, (1) triacylglycerol accumulation, (1-4) fatty acid 

uptake, (9) and lipoprotein regulation (8, 12). Despite these findings, little is known 

regarding the structural and functional requirements of Plin2-lipid interactions that 

facilitate these processes. To address this issue, truncated Plin2 mutants were 

designed to contain one or more predicted domains conserved among the Plin protein 

family to identify structural motifs required for Plin2 lipid binding. Studies herein provide 

the following new insights. First, the N-terminal PAT domain is not involved in lipid 

binding since the Plin2-N1 mutant (containing the PAT domain) showed no evidence of 

binding lipids. These results are consistent with earlier studies that give evidence the 

PAT domain is involved in other roles including lipid droplet stabilization, lipid 
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accumulation, and proteasomal degradation of Plin2 (24).  Second, Plin2 residues 119-

251, containing helix 4, the  domain, and part of helix 6 form a Plin3-like cleft 

found to be important for highest affinity lipid binding. This follows from findings that 

mutants containing residues 119-251 (Plin2-C1 and Plin2-N2) showed the highest 

affinity for cholesterol and stearic acid ligands, while those lacking these residues 

exhibited the least (Plin2-C2) or no (Plin2-N1) lipid binding. With Plin2-C2, NBD-

stearate and NBD-cholesterol binding decreased up to 9-fold when compared to the full 

length protein and more than 3-fold when compared to Plin2-C1, resulting in a protein 

that still targeted to lipid droplets but with the lowest affinity of all the mutants that 

showed binding. Results finding residues 119-251 important to binding are not 

surprising, since the region includes structures found in the  X-ray crystal of Plin3 that 

form a cleft of sufficient size to accommodate lipid ligands (25). In addition, other work 

shows that the region of Plin2 within residues 119-426 is able to fold and function 

independently from the rest of the protein (27). Some of the residues within the cleft 

region however, are not entirely essential for lipid binding since removal of the α-β 

domain (residues 171-219) resulted in a mutant (Plin2-I) with similar binding affinity to 

that of the full length protein. It should also be noted that affinities for the two ligands 

(cholesterol and stearic acid) were distinctly different. For example, Plin2-I showed a 3-

fold decrease in NBD-cholesterol binding as compared to the full length protein, but with 

NBD-stearic acid no significant change in binding was observed. The results suggest 

that Plin2 has slightly different determinants for cholesterol and stearic acid binding. For 

instance, the proposed lipid binding site in the C-terminal domain (Fig. 15) has some 

shared interactions for cholesterol and stearic acid binding, but different footprints due 
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to the different chemical structures of the individual ligands. Consistent with this, Plin2 is 

known to support binding to an array of lipids with diverse structures such as 

phospholipids, sphingomyelin, cholesterol, and fatty acids (5-8). In the present study, 

we show for the first time that Plin2 binds polyunsaturated fatty acids including 

arachidonic acid, a 6 fatty acid that is precursor to several families of pro-inflammatory 

eicosanoid lipid mediators, and DHA, a 3 fatty acid associated with anti-inflammatory 

benefits, with high affinity (Kd = 22 + 1 nM and 46 + 6 nM, respectively). These results 

suggest that lipid droplets may act as physiological stores for essential fatty acids. In 

addition, since Plin2 binds arachidonic acid with 2.1-fold higher affinity than DHA and 

close to 4-fold higher affinity than stearic acid, these findings support Plin2 selectively 

sequestering proinflammatory fatty acids to the lipid droplet surface. Consistent with 

this, arachidonic acid-derived eicosanoids have been detected on lipid droplets that 

colocalize with Plin2. Discrete targeting of the Plin2 mutants to lipid droplets was also 

demonstrated. Deletion mutants Plin2-N1, containing residues 1-119 (the PAT domain) 

and Plin2-N2, comprised of residues 1-251 (the PAT domain, helix , domain, 

part of helix ) did not target to lipid droplets or show FRET interactions, consistent 

with earlier work demonstrating that N-terminal deletion mutants containing residues 1-

131 were not found on lipid droplets (16, 17). Addition of 52 residues to the PAT domain 

salvaged targeting ability in previous studies, (16, 17) suggesting the presence of a lipid 

droplet targeting domain in the central region of the protein. With regard to C-terminal 

mutants, both Plin2-C1 (containing residues 119-426) and Plin2-C2 (residues 251-426) 

targeted to lipid droplets, consistent with previous reports (16, 17). However, removal of 

residues 154-174 in other studies (16) showed lack of targeting while exclusion of 
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residues 172-218 in the present work resulted in a protein that targeted lipid droplets 

and interacted with NBD-cholesterol in FRET assays. Despite some inconsistencies 

between reports, these results reinforce the idea that Plin2 contains two independent, 

non-overlapping targeting domains in its internal and C-terminal sequence that need 

consideration of the tertiary structure to understand their structure. Likewise, the 

fluorescence binding data supported that the ligand binding site of Plin2 is not dictated 

by a linear structural motif within the primary sequence. Much like the regions required 

for lipid droplet targeting, domains involved in forming the lipid binding pocket of the 

protein come from non-contiguous parts of the protein. This motivated the modeling of 

Plin2 tertiary structure to understand how these regions organize into functional lipid 

binding and targeting domains. The tertiary structure of Plin2 was modelled using 

Modeller and Pcons, also providing insights into the differences in ligand binding 

affinities among the mutant proteins. Comparative modeling revealed the Plin2 tertiary 

structure contained an apolipophorin III-like N-terminal domain and a TIP47-like C-

terminal domain, which were linked by 18 residues. Consistent with earlier predictions 

and X-ray crystal data for the most similar proteins, the modeled N-terminal domain is 

likely to form an -helical bundle, (26, 27) while the C-terminal domain contained a 

highly conserved cleft formed from the union of the domain and the 4-helix bundle 

with high homology to the corresponding crystal structure of this region in Plin3 (25). 

ConSurf multiple-sequence alignment identified highly conserved residues within the 

Plin family which localize to the cleft. SLIDE molecular docking (50) revealed favorable 

conformers of stearic acid and cholesterol interaction in the cleft region. Key residues 

predicted to interact with stearic acid included Trp398, Gly401, and two residues in helix 
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6, Arg236 and Asn329 that are conserved between Plin2 and Plin3, suggesting 

conservation of function. Cholesterol formed interactions with several residues in the 

same region as stearic acid including Val205, Phe208, Val211, Lys213, and Tyr217. 

However, cholesterol also interacted with residues Thr325 and Val328 in helix α7, and 

Pro402 in strand β4 near the C-terminal end of the protein. Orientations of stearic acid 

and cholesterol within the cleft were favored energetically, with cholesterol predicted to 

have greater affinity of binding relative to stearic acid (Gbinding of -9.6 kcal/mol versus -

7.5 kcal/mol). These results were consistent with experimental binding results that 

showed Plin2 bound NBD-cholesterol with higher affinity than NBD-stearic acid. 

Deletion mutants that remove residues contributing to the cleft (e.g. Plin2-I) would also 

be expected to differ in binding interactions and affinity, as was observed with the 

experimental data demonstrating higher affinity for stearic acid than cholesterol with 

deletion mutant Plin2-I and decreased affinity for cholesterol when compared to the full 

length protein. Moreover, Plin2-C2 is missing some structures that form the cleft domain 

but retention of several interacting residues (Asn329, Trp398, Gly401, Thr325, Val328, 

and Pro402) likely contributes to its ability to bind both stearic acid and cholesterol, 

although at decreased affinity. These results support that the predicted cleft in the C-

terminal region of Plin2 favorably binds lipids. 

 Structural changes induced by mutation or ligand addition were also examined. Plin2 

in the absence of ligand was significantly helical. However, the percentage of helical 

content doubled in the Plin-C1 and Plin-C2 mutants, in which the N-terminal domain and 

part or all of the α-β domain were absent, suggesting that the C-terminal region is much 

more strongly helical than the N-terminal region. These trends were preserved in the 
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presence of both cholesterol and stearic acid, suggesting that ligand binding does not 

dissolve or nucleate helical structure in Plin2. Consistent with these findings, Hynson et 

al showed that the C-terminal region of the homologous Plin3 protein was mostly α-

helical with little strand content (33). In addition, the Plin3 N-terminal was found to 

increase the percentage of amino acid residues forming -strand, turns, and random 

coil (33). CD analysis of the Plin2 N-terminal region showed similar results; despite the 

sequence-based prediction of predominantly helical structure for the N-terminal half of 

the protein. One interpretation of these results is that the N-terminal helices are less 

stable and fluctuate more without the presence of lipid ligand or membrane. Indeed, 

studies with the Plin3 protein show the N-terminal region is highly elongated in solution, 

suggesting that Plin3 N-terminus becomes a highly structured domain upon interaction 

with lipids or membrane (33). However, the Plin2 N-terminal domain may interact 

differently and these domain orientations could also change when associated with a 

lipid droplet. It should be noted that conformational change in another lipid droplet 

protein, Plin1 occurs upon hyperphosphorylation, allowing access to lipids in the droplet 

(63-66). This raises the question as to whether the C-terminal domain of Plin2, 

containing the suggested binding site for stearic acid and cholesterol, is likely to 

undergo a large-scale rearrangement upon interacting with lipid droplets. Amphipathic 

alpha-helical bundles with tightly packed hydrophobic cores, like that found in Plin2, are 

not typically observed to alter conformation significantly due to the considerable energy 

it would take to disrupt the extensive favorable hydrophobic interactions within the core. 

Even the highly hydrophobic helical bundles in integral membrane proteins like 

cytochrome c oxidase typically only show coupled motion of helices rather than any 
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reorganization of interfaces (67). Viral fusion with host membranes has been shown in 

some cases to depend on the formation of helical bundles as a rate-limiting step (68). 

The same phenomenon has been observed for Hsp12 stress proteins, which are 

unfolded in the cytosol and then adopt helical conformation upon interaction with the 

membrane (69). Because the helical bundles in Plin2 have polar surfaces, however, it is 

hard to imagine any configuration or rearrangement in which they could be favorably 

buried inside a lipid milieu. Thus, association could be with the surface of the lipid 

droplet, through interaction with polar headgroups, or by a tethering mechanism. Indeed 

this was shown through a series of experiments by McManaman et al in which the polar 

surface of the helical bundles targeted to membranes in non-ionic solutions and were 

displaced as salt was added (27). These results further support that the 4-helix bundle 

in the C-terminus of Plin2 can interacts with polar head groups of the lipid droplet 

thereby binding and sequestering lipids.  

 Lipid droplet targeting was also associated with maintenance of the helical regions in 

both the N- and C-terminal helical bundles, as evidenced by Plin2 and Plin2-I being fully 

targeted to lipid droplets, while the other mutants were partially or fully targeted to the 

cytoplasm. Fluorescence binding and FRET results with labeled cholesterol support 

strong interactions between cholesterol and the native Plin2 structure, with weaker 

interactions with Plin2-C1, Plin2-C2, Plin2-I, and Plin2-N2 constructs. No evidence for 

cholesterol (or stearic acid) interaction with Plin2-N1 was detected. These results 

support the crucial role of the C-terminal helical bundle region of Plin2 that is 

homologous to Plin3 for binding lipids; this region contains the conserved cleft. Other 

recent reports support the functional importance of the Plin family’s C-terminal regions 
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(70, 71). The C-terminal region of Plin1 contains a C-terminal region, implicated in 

binding AB-hydrolase domain containing-5 (ABHD5), a cofactor that prevents the 

activation of adipose tissue triacylglycerol lipase. Patel et al. (70) demonstrated that 

fusing the carboxyl terminal region of Plin1 to the amino terminus of Plin2 was sufficient 

to stabilize ABHD5 and suppress basal lipolysis. For Plin5, Sztalryd et al. (71) 

demonstrated that fusing the carboxyl terminal region of Plin5 to Plin2 generated a 

protein that was able to recruit lipid droplets to mitochondria, whereas Plin2 by itself did 

not. Our work supports specific lipid binding as a function for the C-terminal region in 

Plin2.  

 In summary, the modeled tertiary structure for Plin2 highlighted the structural and 

functional features necessary for ligand binding and lipid droplet targeting. The PAT 

domain was not required for lipid binding or lipid droplet targeting; removal of this 

domain resulted in C-terminal mutants with high affinity for lipids. Crucial elements 

contained within residues 119-251 in the C-terminal region include the central  

domain, along with the conserved end of helix , which form part of the cleft region. 

Removal of these residues decreased binding with cholesterol and stearic acid ligands 

several-fold. Evidence of the functional relevance of this region was recently provided in 

studies with a human Plin2 variant where a serine to proline mutation at residue 251 

caused individuals with the minor allele to exhibit decreased plasma triglyceride and 

decreased VLDL levels (12). Structurally, the mutation would be predicted to disrupt 

helix . In the present work, both cholesterol and stearic acid were shown through 

molecular docking experiments to interact favorably with a cleft formed by conserved 
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residues within the C-terminal region, including helix  Furthermore, the modeled 

interactions together with the mutant construct binding studies suggest that this 

conserved cleft is a site of favorable lipid interaction for both cholesterol and stearic 

acid. 
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ABSTRACT 

 Hepatic inflammation and fibrosis are key elements in the pathogenesis of 

nonalcoholic steatohepatitis (NASH), a progressive liver disease initiated by excess 

hepatic lipid accumulation. Lipid droplet protein Perilipin 2 (Plin2) alleviates dietary-

induced hepatic steatosis when globally ablated, however its role in the progression of 

NASH remains unknown. To investigate this further, we challenged Plin2 liver-specific 

knockout mice (designated L-KO) and their respective wild type (WT) controls with a 

methionine-choline-deficient (MCD) diet for 15 days to induce a NASH phenotype of 

increased hepatic triglyceride levels through impaired phosphatidylcholine (PC) 

synthesis and VLDL secretion. Results on liver weights, body weights, fat tissue mass, 

and histology in WT and L-KO mice fed the MCD diet revealed signs of hepatic 

steatosis, fibrosis, and inflammation; however these effects were blunted in L-KO mice. 

In addition, levels of PC and VLDL were unchanged and hepatic steatosis was reduced 

in L-KO mice fed the MCD diet, due in part to an increase in remodeling of PE to PC via 

the enzyme PEMT. These mice also exhibited decreased hepatic expression of pro-

inflammatory markers COX2, IL-6, TNF, IL-1and reduced expression of ER stress 

proteins C/EBP homologous protein (CHOP) and cleaved caspase-1. Taken together, 

these results suggest Plin2 liver-specific ablation alleviates diet-induced hepatic 

steatosis and inflammation via a PEMT-mediated mechanism that involves 

compensatory changes in proteins involved in phospholipid remodeling, inflammation, 

and ER stress that work to alleviate diet-induced NASH. Overall, these findings support 

a role for Plin2 as a target for NASH therapy. 
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INTRODUCTION 

 In parallel to obesity trends, nonalcoholic fatty liver disease (NAFLD) is on the rise, 

with one person in three potentially affected in the United States. NAFLD covers a 

spectrum of conditions including benign steatosis where excess triglycerides are stored 

in hepatic lipid droplets, to the more serious nonalcoholic steatohepatitis (NASH), 

fibrosis, and cirrhosis. Approximately 35% of individuals who have hepatic steatosis will 

progress to NASH (1-3), yet factors driving the process forward remain unclear. A “two-

hit” model by Day and James proposes a first hit of excess hepatic lipids leaves the liver 

more vulnerable to multiple second hits of oxidative stress, mitochondrial dysfunction, 

and lipid peroxidation (4, 5) that increase production of proinflammatory cytokines, influx 

of inflammatory cells, collagen deposition leading to fibrosis, hallmarks of the NASH 

phenotype (6-8). However, while numerous studies have defined the molecular and 

physiological changes that occur in the progression of NASH, it remains unclear what 

role hepatic lipid droplets and associated proteins play in promoting the disease 

process. Notably, several proinflammatory metabolites and enzymes that initiate 

inflammation reside on the surface of lipid droplets (9-11). More importantly, the most 

abundant lipid droplet protein in the liver, Perilipin 2 (Plin2) is associated with promoting 

two key features of NASH, i.e., lipid accumulation and inflammation (12-17), yet the role 

of Plin2 in the progression of NASH remains unclear. 

 Plin2 is part of the perilipin family of proteins that are closely related through 

sequence homology and affinity for lipid droplets. Members include Plin1 (formerly 

known as perilipin), Plin2 (ADRP, adipophilin), Plin3 (TIP-47), Plin4 (S3-12), and Plin5 

(OXPAT) (18). Plin1 and Plin2 are constitutively located on the lipid droplet surface 
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while Plins 3, 4, and 5 can be found in both cytosolic and lipid droplet compartments 

(19-22). Plin1 is the most widely studied lipid droplet protein but hepatic expression is 

low. When NASH is present however, both Plin1 and Plin2 are up-regulated and 

differentially targeted; Plin1 was found on larger lipid droplets in the liver while Plin2 

targeted inflamed ballooned hepatocytes (14). This alternate targeting is significant 

since Plin1 acts to repress lipolysis by inhibiting the lipolytic activities of HSL and ATGL 

(23, 24). In contrast, Plin2 has no lipolytic function but can block access of lipases to 

lipid droplets to limit triglyceride hydrolysis (25, 26). In addition, Plin2 binds and 

sequesters lipids at the lipid droplet surface (27, 28) and enhances lipid transport (29), 

suggesting it may act as a regulatory protein, governing the release and deposition of 

lipids including eicosanoids that are stored in lipid droplets (9, 11, 30, 31). Consistent 

with this, Plin2 has been shown to preferentially bind proinflammatory lipids (28) and 

significantly increase neutral lipid and phospholipid levels when overexpressed in L cells 

(17). Moreover, knockdown of Plin2 in THP-1 macrophages resulted in decreased 

cellular lipids and lipid droplet size and number, and decreased expression of 

proinflammatory markers TNF, IL-6, and COX2 when inflammation was induced by 

LPS (12). Conversely, Plin2 overexpression in LPS-stimulated C2C12 cells resulted in 

increased expression of IL-1 and caspase-1 (13). In mice, global ablation of Plin2 

decreased hepatic triglyceride levels and protected against diet-induced obesity, 

adipose inflammation, and liver steatosis (32-37) while reduction of Plin2 by antisense 

oligonucleotide treatment resulted in decreased hepatic lipid accumulation and 

enhanced insulin sensitivity (35, 38). However, while these data support a role for Plin2 
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in promoting hepatic steatosis, relatively little is known if the protein contributes to the 

pathogenesis of inflammation-related NASH.  

 To investigate this further, we challenged Plin2 liver-specific knockout (L-KO) mice with a 

methionine and choline-deficient (MCD) diet to produce the NASH phenotype of increased 

hepatic lipid accumulation, inflammation, and fibrosis. A tissue-specific conditional knockout 

model was employed to bypass the limitations of traditional constitutive knockout models in 

terms of compensatory mechanisms and complex phenotypes. Our results suggest that hepatic 

ablation of Plin2 activates a mechanism that involves phospholipid remodeling enzymes, 

proinflammatory proteins, and ER stress markers. Taken together, the data herein provide 

novel insights into the physiological role of Plin2 and suggest that Plin2 plays an important role 

in hepatic function. 

 

MATERIALS AND METHODS 

MICE 

 Plin2 liver-specific KO mice were created using a LoxP-Cre approach (39) to allow 

conditional targeting of the Plin2 allele. Briefly, Plin2 global KO mice (Plin2-/-) carrying the 

Plin2tm1a(EUCOMM)Wtsi in a C57BL/6NTac background were generated by the European 

Conditional Mouse Mutagenesis Program (EUCOMM). Heterozygous mice (Plin2+/-) 

carrying the Plin2 targeted allele were purchased from Welcome Trust Sanger Institute, 

(UK) and were bred together to obtain mice globally null in Plin2 (Plin2-/- mice). To derive 

Plin2 liver-specific KO mice (Plin2L-/-), the floxed mouse (Plin2fl/fl) was generated by 

breeding Plin2-/- mice with mouse strain B6.29S4-Gt(ROSA)26Sortm1(FLP1)Dym (Jackson 

Laboratory, Bar Harbor, ME) to create a floxed allele and restored Plin2 expression. Mice 
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heterozygous for the floxed allele were bred together to obtain Plin2fl/fl mice that served as 

WT controls since neither the presence of the LoxP sites or the remaining FRT site altered 

the expression of Plin2 or the phenotype. Plin2fl/fl mice with then bred with mouse strain 

FVB.Cg-Tg(Alb1-cre)1Dlr/J (Jackson Laboratory, Bar Harbor, ME), a liver-specific Cre 

recombinase-expressing mouse model to generate Plin2L+/-
 mice. Mice containing the liver-

specific allele were then bred to homozygosity to produce Plin2L-/- mice, hereafter known 

as L-KO mice. All animal protocols were approved by the Institutional Animal Care and 

Use Committee at Michigan State University according to criteria outlined in Guide for the 

Care and Use of Laboratory Animals prepared by the National Academy of Sciences and 

published by the National Institutes of Health (NIH publication 86-23 revised 1985). 

 

DIETARY EXPERIMENTS 

 One week before the start of the feeding experiments, age-matched WT and L-KO 

male mice (7-8 weeks old) were placed on a control diet containing 10% fat (Research 

Diets, Inc., #A02082003B). After one week, half of the mice in each group remained on the 

control diet, while the rest were switched to an isocaloric methionine/choline deficient 

(MCD) diet, chemically defined to match the control diet (Research Diets, Inc., 

#A02082002B). Mice were fed ad libitum for 15 days. Body weights and food intake of 

each mouse were monitored every two days. At the beginning and the end of the feeding 

study, the percent fat tissue mass and lean tissue mass of each mouse were determined 

in vivo using a TD-NMR based Bruker Minispec LF50 body composition analyzer (Billerica, 

MA). At the end of the study, non-fasted mice were euthanized by CO2 asphyxiation and cervical 

dislocation. In keeping with other work (40, 41) and due to the severe weight loss the mice 

experienced on the MCD diet, we did not fast the mice at the end of the feeding study. Blood was 
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collected and livers harvested and weighed. Portions of the liver were collected for 

histological examination. Remaining portions were snap frozen on dry ice and stored at -

80°C. 

 

LIVER HISTOLOGY 

 Liver samples (25 to 75 mm3 segments) were fixed in a 10% buffered formalin solution 

at room temperature overnight, then stored in alcohol until embedded in paraffin, 

sectioned (4-6 m thickness), and stained with hematoxylin and eosin (H&E) or Masson’s 

Trichrome for histological evaluation. Sections were imaged with a Nikon LTX light 

microscope with a 40X objective. Portions of the liver were frozen in O.C.T. compound 

(Tissue-Tek; Sakura Finetek USA) for Oil red O staining. Morphometric analysis was 

performed using MetaMorph software (Sunnyvale, CA) to analyze the number and size of 

lipid droplets. Histological processing was done at the histopathology lab at Michigan State 

University. 

 

LIPID ANALYSIS 

  Lipids were extracted from mouse liver homogenates and resolved into individual lipid 

classes using thin-layer chromatography as described previously (42, 43). Levels of total 

cholesterol, free fatty acids, triacylglycerol, cholesteryl esters, and total phospholipids were  

determined by TLC and densitometry following the method of Marzo (44). Protein 

concentration from the dried protein extract residue was digested overnight in 0.2 M KOH 
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and analyzed using Bradford reagent (45). All lipid classes were identified by comparison 

to known TLC standards. 

 

MASS SPECTROMETRY BASED LIPID ANALYSIS 

 Prior to performing high resolution/accurate mass spectrometry and tandem mass 

spectrometry, liver homogenates, spiked with synthetic PC (14:0/14:0), PE (14:0/14:0), 

and PS (14:0/14:0) as internal standards were subjected to monophasic lipid extraction 

with methanol: chloroform: water (2:1:0.74, v:v:v) and amine group modification as 

previously described (46, 47). Briefly, extracts (10 l) were aspirated and directly infused 

at approximately 250 nL/ minute by nanoelectrospray ionization (nESI) into a high 

resolution / accurate mass Thermo Scientific model LTQ Orbitrap Velos mass 

spectrometer (San Jose, CA) using an Advion Triversa Nanomate nESI source (Advion, 

Ithaca, NY) with a spray voltage of 1.4 kV and a gas pressure of 0.3 psi. High resolution 

mass spectra were acquired in positive-ion mode from derivatized lipid extracts, and in 

negative-ion mode from underivatized lipid extracts, using the FT analyzer operating at 

100,000 mass resolving power. The mass spectrum signal was averaged for 2 minutes 

over the range of m/z 200-2000. HCD-MS/MS product ion spectra were acquired to verify 

the identities of selected lipid ions of interest using the FT analyzer operating at 100,000 

mass resolving power and default activation times. HCD-MS/MS collision energies were 

individually optimized for each lipid class of interest using commercially available lipid 

standards whenever possible. Lipids were identified using the Lipid Mass Spectrum 

Analysis (LIMSA) v.1.0 software linear fit algorithm, in conjunction with a user-defined 
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database of hypothetical lipid compounds for automated peak finding and correction of 13C 

isotope effects. Relative quantification of the abundances of lipid molecular species 

between samples was performed by normalization of target lipid ion peak areas to the 

internal standards as previously described (48). Data were processed using mean-

centering and Pareto-scaling prior to multivariate statistical analysis. The principal 

component analysis (PCA) was performed using EZinfo software (Umetrics). Partial least-

squares-discriminant analysis (PLS-DA) was carried out (EZ Info, Umetrics) to identify the 

differentially expressed phospholipids responsible for the separation of WT, L-KO, MCD 

diet fed WT, and MCD diet fed L-KO. The heat map was generated using Cluster 2.0 from 

the Eisen Lab modified by Michiel de Hoon 

(http://bonsai.hgc.jp/~mdehoon/software/cluster/). Java Tree Viewer was used to view and 

color the heat map. 

 

SERUM LIPIDS, LIPOPROTEINS, AND LIPOLYSIS 

 Total and free cholesterol, triacylglycerol, and non-esterified fatty acid levels in serum from 

non-fasted mice were determined using Wako Chemicals lipid assay systems (Wako Diagnostics, 

Richmond, VA). Levels of cholesteryl esters were determined by subtracting free cholesterol from 

total. Concentrations of cholesterol in high-density lipoprotein (HDL) and low-density (LDL)/very-

low-density (VLDL) lipoproteins were quantified using a PEG precipitation using the EnzyChrom 

HDL and LDL/VLDL kit from BioAssay Systems (Hayward, CA). To measure lipolysis in hepatic 

tissue, glycerol release was quantified using EnzyChrom Adipolysis Assay Kit, from BioAssay 

Systems (Hayward, CA). Colorimetric analysis of lipids, lipoprotein, and lipolysis were measured at 

570 nm on an Omega FLOUstar 96-well plate reader from BMG labtech (Ortenberg, Germany). 

 

http://bonsai.hgc.jp/~mdehoon/software/cluster/
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SERUM -HYDROXYBUTYRATE MEASUREMENT 

 To measure acetyl CoA production from fatty acid oxidation, serum levels of the ketone 

body -hydroxybutyrate were determined using the Wako Chemicals -hydroxybutyrate kit 

(Wako Diagnostics, Richmond, VA).  Levels were measured with high sensitivity and 

specificity according to the manufacturer's directions by measuring the rate of Thio-NADH 

(-thionicotinamide adenine dinucleotide) production spectrophotometrically at 405nm 

upon oxidation of -hydroxybutyrate. 

 

WESTERN BLOT ANALYSIS 

 Expression levels of Plin1, Plin2, Plin3, and Plin5, and PLA2 were assessed by 

Western blot analysis as previously described previously (17, 42). Rabbit polyclonal 

antibodies were purchased from the following sources: anti-Plin1, anti-Plin3, and anti-Plin5 

from Thermo Scientific (Rockland, IL) and anti-PLA2 from Cell Signaling (Danvers, MA). 

Rabbit polyclonal antibodies against Plin2 were developed in house (17). Western blot 

analysis was performed on tissue (liver, WAT, heart, kidney, and brain) homogenates (20-

40 µg) resolved on tricine gels (10%). Proteins were transferred to nitrocellulose 

membranes and blots were stained with Ponceau S to confirm protein transfer and 

constant protein loading (49) before blocking in 7% non-fat milk in TBST (10 mM Tris-HCl, 

pH 8, 100mM NaCl, 0.05% Tween-20) overnight. Blots were incubated with specific 

polyclonal rabbit antibodies and were developed with IRDye 800CW anti-mouse (LI-COR) 

secondary antibodies. Blots were scanned using the LI-COR Odyssey imaging system 

(Lincoln, NE) to visualize the bands of interest. Protein bands were quantitated by 
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densitometric analysis after image acquisition using NIH Scion Image to obtain relative 

protein levels expressed as integrated density values normalized to GAPDH expression.   

 

 

QUANTITATIVE REAL-TIME PCR 

 Total RNA was isolated from liver using Trizol (Qiagen, Valencia, CA) in accordance 

with the manufacturer’s protocol. Total RNA (1 g) from each liver sample was converted 

into first strand cDNA using ABI high capacity cDNA reverse transcription kit (Gand Island, 

NY). Expression levels of IL-1, IL-6, TNF, COX2, CHOP, PERK, CCT, SMS, PEMT, 

GNMT, ACOX1, ACC, ACS, CPT1 FASN, SCD1, MGAT1, DGAT1, DGAT2, MTTP, 

HSL, and ATGL were analyzed by SYBR Green technologies using commercially available 

primers from IDT (Coralville, IA) on a StepOne plus Real Time PCR system 

(LifeTechnologies, CA, USA). Relative expression was calculated using the comparative 2-

CT method (50). Data were expressed as fold difference compared to WT mice on control 

diet.  

 

STATISTICAL ANALYSIS 

 Values were expressed as the means ± S.E. Statistical analyses were performed using 

two-way ANOVA with Newman Keuls post-hoc test (Sigma Plot, San Jose, CA) to 

determine statistical significance. Values with P< 0.05 or less were considered significant. 
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RESULTS 

LIVER-SPECIFIC DELETION OF PLIN2 

 Conditional targeting of the mouse Plin2 gene was achieved as depicted in Figure 16. 

Genotyping was confirmed by PCR to detect the presence or absence of the WT allele 

(850 bp), FRT site (204 bp), exon 4 (1 Kb), and the Cre gene (233 bp) in Plin2 floxed (Fig. 

16B) and L-KO (Fig. 16C) mice. Western blot analysis showed ablation of Plin2 from liver 

homogenates but not from white adipose tissue (WAT), heart, brain, or kidney 

homogenates derived from WT and L-KO mice (Fig. 16D). For the experiments described, 

age-matched mice containing the floxed allele were designated as wild type (WT) since 

pilot studies indicated neither the presence of the LoxP or FRT site altered Plin2 

expression or phenotype.  

HEPATIC PLIN2 ABLATION ALLEVIATES MCD DIET-INDUCED LIPID 
ACCUMULATION, INFLAMMATION, AND FIBROSIS 

 
 To study the role of Plin2 in hepatic function, we challenged Plin2 liver-specific 

knockout mice with a MCD diet to induce a NASH phenotype of increased hepatic lipid 

accumulation, inflammation, and fibrosis (51, 52). Unlike high fat or high fat/high fructose 

diets, the MCD diet produces the NASH phenotype of hepatic inflammation and fibrosis in 

mice rapidly. The MCD diet however, does not generate the obese, insulin resistant 

phenotype associated with the human NASH phenotype. In contrast, high-fat and high 

fat/high fructose diets will give rise to an obese, insulin resistant state, yet these diets 

generally do not result in liver fibrosis and only mildly produce steatosis and inflammation  
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(40, 53-56). Moreover, lack of methionine-choline in the diet limits PC synthesis and VLDL 

secretion, resulting in weight loss. To keep the weight loss to less than 25% of body 

weight, the MCD diet was limited to15 days. Both WT and age-matched L-KO mice lost 

body weight on the MCD diet, but L-KO mice were significantly less responsive, losing 

19% less of their body weight (Fig. 17A, P<0.03). The MCD diet significantly decreased 

liver weights of WT mice (37%, P<0.002), but similarly fed L-KO mice showed little to no 

change (Fig. 17B). A substantial loss in percent fat tissue mass was observed in both L-

KO mice and WT mice on the MCD diet (68% and 85%, respectively), but this effect was 

significantly reduced 20% in L-KO mice (Fig. 17C). The percent lean tissue mass was not 

affected by genotype in mice fed the control or MCD diets (Fig. 17D). Taken together, these 

findings suggest the effects of the MCD diet on whole body phenotype are minimized in L-

KO mice. We next investigated the effect of hepatic Plin2 deletion and the MCD diet on 

hepatic lipid accumulation. Liver sections stained with Oil red O showed decreased lipid 

content in L-KO livers when compared to WT controls (Fig. 18A). Morphometric analysis 

revealed lipid droplet size and number were respectively decreased 46% and 40% (Fig. 

18B, panels 1 and 2). Consistent with this, lipid analysis revealed neutral lipid content 

decreased 47% in L-KO livers (Fig. 18B, panel 3). The MCD challenge resulted in 

enhanced Oil red O staining and neutral lipid accumulation in both L-KO and WT livers, 

but significantly less with L-KO samples. H&E staining revealed marked histopathological 

lesions including single-cell necrosis, increased vacuolization, and cell body inclusions in 

MCD WT livers, suggesting increased hepatic steatosis and inflammation (Fig. 18C). 

These lesions were not observed in livers from control-fed WT or L-KO mice and were  
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significantly diminished in the livers from MCD diet-fed L-KO mice. Consistent with this, 

hepatic expression of genes associated with inflammation (IL-1, IL-6,TNF COX2) 

were increased in livers from WT mice on the MCD diet but decreased in similarly fed L-

KO samples (Fig. 18D). Since steatosis has been identified as a risk factor for liver 

fibrosis, liver sections were also stained with Masson’s Trichrome to visually determine 

increased collagen levels associated with diet-induced fibrosis (blue coloration, Fig. 

18E). Although no genotype effect was observed in control fed mice, the MCD diet 

significantly increased levels of fibrotic staining in WT, but not L-KO livers, near and 

around the arterial triad. Hepatic expression of CHOP and PERK, two enzymes involved 

in fibrosis and ER stress (57, 58), were increased 4.2- and 1.8-fold, respectively in livers 

from MCD diet-fed WT mice, a response blunted in L-KO mice where levels of PERK 

increased 1.5-fold and CHOP increased 1.6-fold (Fig. 18F). Plin2 ablation and the MCD 

diet had little effect on levels of TLR4 (Fig. 19A), the receptor responsible for activation 

of PERK under steatotic conditions (58). However, pro-caspase-1 was decreased in 

livers from both WT and L-KO mice, but less so in L-KO mice. The ratio of caspase-1 

to pro-caspase-1 was also determined to assess levels of active caspase-1 (Fig. 19B). 

The ratio in WT mice fed the MCD diet was increased 6-fold when compared to control 

fed mice, but L-KO mice showed only a 2.6-fold increase. Taken together, these results 

suggest that Plin2 ablation may protect against diet-induced ER stress and fibrosis. 
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HEPATIC PLIN2 ABLATION BLUNTS MCD DIET EFFECTS ON LIPOLYSIS, 
LIPOPROTEIN AND LIPID LEVELS IN SERUM 

 
 Since the MCD diet increases neutral lipid production and inhibits VLDL secretion 

(51, 59-61), we investigated the effects of the diet and hepatic Plin2 deletion on lipolysis 

and levels of serum lipoproteins and lipids. Lipolysis was not affected by Plin2 hepatic 

ablation in control diet fed mice. However, the MCD diet significantly decreased lipolytic 

activity in WT mice, a response not observed with similarly fed L-KO mice (Fig. 20A). 

Serum levels of -hydroxybutyrate, a product of acetyl CoA produced by -oxidation, 

were measured to assess fatty acid oxidation in WT and L-KO mice (62). Liver-specific 

ablation of Plin2 significantly increased -hydroxybutyrate levels 1.4-fold in control fed 

mice (Fig. 20B), indicating increased fatty acid oxidation. In contrast, the MCD diet 

challenge decreased -hydroxybutyrate levels 3.1- and 2.7-fold, respectively in WT and 

L-KO mice, suggesting the effects of the diet were to limit oxidation. Levels of total 

serum lipoproteins, HDL, and LDL/VLDL were significantly decreased 26%, 25%, and 

34%, respectively when Plin2 was ablated (Fig. 20C, P<0.05). The MCD diet challenge 

resulted in significantly reduced levels of total serum lipoproteins and HDL in WT and L-

KO mice, but levels of LDL/VLDL were restored in L-KO mice. Similar decreases in 

serum levels of total cholesterol, cholesteryl esters, triglycerides, and free fatty acids in 

both WT and L-KO mice (Fig. 20D) were observed. Overall, these results suggested 

that lipolysis and LDL/VLDL production were protected against MCD insult in L-KO 

mice. 
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PLIN2 LIVER-SPECIFIC ABLATION REDUCES MCD DIET EFFECTS ON HEPATIC 
TRIGLYCERIDE AND PHOSPHOLIPID LEVELS 

 
  Consistent with results from Oil red O staining (Fig. 18A), hepatic levels of 

triglycerides, diglycerides, cholesteryl esters, and free fatty acids were significantly 

reduced in L-KO mice when compared to WT mice (Fig. 20E). The MCD diet increased 

hepatic levels of triglycerides in both WT and L-KO mice, but the response was 

significantly reduced in L-KO mice. In contrast, hepatic levels of total phospholipids 

were significantly decreased in WT mice on the MCD diet, but this effect was not 

observed with similarly fed L-KO mice. To investigate this further, a phospholipid 

lipidomic profile was generated. Liver-specific ablation of Plin2 increased levels of lyso-

PC 1.5-fold and decreased ceramide levels 2.1-fold (Figs. 20F, G). The MCD diet 

significantly decreased hepatic levels of PC and PE a respective 1.6- and 1.7-fold in 

WT, but not L-KO, mice (Fig. 20F). Similar decreases were observed with lyso-PC and 

lyso-PE levels. In contrast, ceramide levels were significantly increased in both WT and 

L-KO mice on the MCD diet (Fig. 20F, P<0.05). In summary, the MCD diet challenge 

increased hepatic neutral lipid accumulation and decreased PC and PE levels in WT 

mice. The response of L-KO mice to the diet was less pronounced and, as shown with 

PC and PE levels, negligible. 

 

NASH SIGNATURE-BASED ON LIPIDOMIC DATA 

  Despite the lack of methionine-choline in the MCD diet, L-KO mice did not exhibit 

decreased levels of hepatic PC or other phospholipid classes including PE, Lyso-PE, 

sphingomyelin (SM), phosphatidylserine (PS), and phosphatidylinositol (PI). To 

investigate further, a lipidomic profile of individual phospholipid species was generated 
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and subjected to principal component analysis (Fig. 21A). Lipidomic data were projected 

onto a plane depicting the two components representing greatest variance in the data 

set. Changes in the lipidomic profile were also visually observed in a heat map that 

presented the data in terms of fold change relative to control diet-fed WT mice (Fig. 

21B). Analysis of individual phospholipid species revealed changes across the classes 

in C16- and C18 fatty acid-containing phospholipid species, in addition to C20 and C22 

species (Fig. 21C). Specifically, the effect of Plin2 liver-specific ablation on mice fed the 

control diet was to decrease levels of Cer 22:2 and SM 22:0 while increasing levels of 

PC 38:3 (18.1/20:2 Lyso-PC 20:4, Lyso-PC 22:6, and Cer 22:0 (Fig 6C). On the MCD 

diet, WT mice exhibited significantly decreased levels of PC 34:3, PC 34:2 (16:1/18:1), 

Lyso-PC 16:0, Lyso-PC 22:6, PE 36:4 (16:0/20:4), PE 38:4 (18:0/20:4), Lyso-PE 18:2, 

Lyso-PE 18:1, Lyso-PE 20:4, PG 30:3, PI 40:7, PI 36:4, and PS 22:2, reflecting 

decreased levels of PC, Lyso-PC, PE, and Lyso-PE (Fig. 20F). Results were mixed with 

L-KO mice, but yielded no net effect.  

 We next examined the impact of hepatic Plin2 ablation and the MCD diet on levels of 

phospholipid fatty acid (FA) classes including unsaturated FA (UNSAT), saturated FA 

(SAT), polyunsaturated FA (PUFA), and monounsaturated FA (MUFA). The MCD diet 

decreased levels of UNSAT, PUFA and MUFA in WT mice 1.7-fold, 1.5-fold, and 3.1-

fold respectively (Fig. 21C, lower right panel), consistent with previous reports of mice 

on MCD diets (51, 63). In L-KO mice, levels of MUFA, but not UNSAT or PUFA,  
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decreased 2.1-fold on the MCD diet. Moreover, SAT levels in both WT and L-KO mice 

did not change, but the ratio of UNSAT to SAT decreased, reflecting higher SAT levels  

when mice were fed the MCD diet. These findings are consistent with NASH in humans 

where increased SAT levels in hepatic phospholipid pools is often observed (63).  

 

PHOSPHOLIPID REMODELING DIRECTS HEPATIC PC BIOSYNTHESIS IN MCD 
FED L-KO MICE 

 
 The MCD diet inhibited hepatic accumulation of PC and PE in WT, but not L-KO, 

mice. To investigate this further, expression levels of several phospholipid remodeling 

enzymes including phosphate cytidyltransferase 1 (CCT), sphingomyelin synthase 

(SMS), PEMT, and glycine N-methyltransferase (GNMT) were determined. Levels of 

CCT, rate-limiting enzyme converting dietary choline and diglycerides to PC (64, 65), 

were increased 3.1-fold in L-KO mice, but no further effect was observed when mice 

were fed the MCD diet (Fig. 22A). In contrast, PEMT, a transferase that converts PE to 

PC, was down-regulated 8.3-fold in L-KO mice when compared to WT controls. The 

MCD diet increased PEMT expression 10- and 42-fold in WT and L-KO mice, 

respectively. In addition, expression levels of two enzymes that use a PC substrate, SM 

synthase and phospholipase A2 (PLA2), were decreased 3.8- and 11.3- fold 

respectively in MCD fed L-KO mice (Figs. 22A, B). Taken together, these results 

suggest L-KO mice can increase production and limit catabolism of PC when choline 

and methionine are deficient through compensatory regulation of phospholipid 

remodeling enzymes.  
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HEPATIC PLIN2 ABLATION BLUNTS MCD DIET EFFECTS ON FATTY ACID AND 
TRIGLYCERIDE METABOLISM 

 

 To better understand the effect of hepatic Plin2 ablation on lipid metabolism, 

expression levels of genes involved in FA and triglyceride metabolism were examined. 

Acyl-coenzyme A oxidase 1 (ACOX1) and carnitine palmitoyltransferase 1 (CPT1) 

were significantly up-regulated 2.0- and 2.2-fold, respectively in control fed L-KO mice 

(Fig. 22C). Likewise, FA synthase (FASN) and acyl-coenzyme A synthase (ACS) were 

significantly up-regulated 1.5- and 2.7-fold, respectively. In contrast, sterol-coenzyme A 

desaturase (SCD1), an enzyme that converts SAT to MUFA,(52) was decreased 2-fold. 

However, no genotype effect was observed in mice fed the control diet (Fig. 22D) with 

regard to genes involved in triglyceride metabolism including monoacylglycerol 

acyltransferase (MGAT), diacylglycerol acyltransferase (DGAT1), DGAT2, microsomal 

triglyceride transfer protein (MTTP), or adipose triglyceride lipase (ATGL). These 

findings reflect observations of decreased hepatic lipid levels and decreased lipid 

droplet number/size in livers of L-KO mice. The MCD diet significantly decreased 

expression of hepatic genes involved in FA oxidation including FASN (10-fold), SCD1 

(14.3-fold), acyl-coenzyme A carboxylase (ACC) (2-fold), and ACS (2.2-fold) in WT 

mice. In similarly fed L-KO mice, expression levels of these genes decreased, but 

significantly less so with FASN (4.7-fold) and SCD (8.2-fold) expression. With genes 

related to triglyceride metabolism, the MCD challenge increased expression of DGAT1 

(2.1-fold) and DGAT2 (2.2-fold), while decreasing levels of MGAT (4.5-fold) and MTTP 

(2.0-fold) in WT mice. Plin2 ablation blunted effects on MGAT, DGAT1, and MTTP in 

LKO mice. Taken together, these findings indicate Plin2 ablation diminishes the 
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influence of the MCD diet by alleviating the lipid oxidative and steatotic effects 

associated with the MCD diet. 

 Expression levels of Plin2 and other lipid droplet proteins including Plin1, Plin3 and 

Plin5 were also determined in liver, WAT, brain, and heart (Fig. 23). There was no 

genotype effect observed in hepatic expression of Plin1, Plin3, or Plin5 in control fed 

mice. In contrast, levels of Plin5 in WAT was significantly decreased 2.5-fold while in 

brain, Plin2 was decreased 1.7-fold in L-KO mice as compared to WT mice fed the 

control diet. The MCD diet increased and decreased, respectively the hepatic 

expression of Plin1 (1.5-fold), and Plin3 (2-fold) in L-KO mice, while similarly fed WT 

mice exhibited a decrease in hepatic Plin5. In WAT, the MCD diet increased expression 

of Plin2 in WT animals 6.6-fold while L-KO mice exhibited a respective 2.2- and 2-fold 

increase in Plin3 and Plin5. In brain and heart tissue, Plin2 expression was significantly 

decreased in WT mice but no change was observed in L-KO mice. These findings 

indicate that WAT is most responsive to Plin2 ablation and challenge with the MCD diet. 

 

DISCUSSION 

 This study resolves a previously unknown role of Plin2 in the progression of NASH 

using a conditional Plin2 knockout mouse model that selectively deletes Plin2 in 

hepatocytes. We demonstrate for the first time the physiological importance of hepatic 

Plin2 on whole body lipid homeostasis and provide compelling evidence that hepatic 

ablation of Plin2 blunts the effects of diet-induced NASH related to hepatic lipid 

accumulation, inflammation, and fibrosis. 



140 
 

 

 

  

  



141 
 

In terms of development, fertility, viability, and adiposity, hepatic Plin2 ablation had little 

effect on phenotype. Tissues were of normal size and weight. Analysis of hepatic lipid 

levels showed neutral lipids were decreased several fold in L-KO mice, in line with 

previous studies with Plin2 global knockout mice (32, 33, 37, 61) and mice treated with 

Plin2 antisense oligonucleotides (ASO) (35, 36, 38). These findings were explained in 

part by the L-KO mice exhibiting increased hepatic expression of genes involved in fatty 

acid oxidation including ACOX1 and CPT1suggesting increased oxidation of lipids 

occurred, especially since little to no change was observed in expression levels of 

lipogenic enzymes MGAT, DGAT1, and DGAT2. In addition to increased hepatic 

expression of genes involved in fatty acid oxidation, levels of serum -hydroxybutyrate 

were increased in L-KO mice, suggesting that fatty acid oxidation was increased in 

these mice. In support of these findings, recent studies have demonstrated that Hsc-70 

targets Plin2 and Plin3 for chaperone-mediated autophagy and degradation, leading to 

increased lipolysis and fatty acid oxidation of lipids derived from lipid droplets (66). We 

also found that hepatic Plin2 ablation had little effect on expression of MTTP, a 

triglyceride transfer protein involved in the rate limiting step of VLDL assembly. 

However, a decrease in total lipoprotein, HDL and VLDL levels was observed in the 

serum. This was of interest since findings in literature are mixed with regard to VLDL 

levels and secretion in Plin2 null models. Global Plin2 KO mice exhibited similar VLDL 

secretion and lipid uptake/utilization as that of WT mice but showed increased 

expression of MTTP (32). In contrast, Plin2 knockdown in mice resulted in decreased 

hepatic VLDL secretion and production of MTTP (38). Interestingly, ablation of both 

Plin2 and GNMT, an enzyme involved in hepatic SAMe degradation, resulted in a 
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mouse model with decreased lipogenesis and increased VLDL secretion (60, 61). 

Taken together, these findings demonstrated the differences and similarities between 

the different Plin2 deletion models and highlighted the importance of examining each 

mouse in the background of Plin2 deficiency-partial (ASO-treated), global, double 

(GNMT-/-/Plin2-/-) or liver-specific. 

 To investigate the effect of hepatic Plin2 ablation in the context of NASH, L-KO mice 

were placed on a MCD diet. Methionine-choline deficiency increases hepatic steatosis 

by a mechanism that inhibits VLDL secretion and PC synthesis derived from either the 

CDP-choline pathway involving the enzyme CCT (Kennedy pathway) (64) or by 

sequential methylation of PE by PEMT using methionine-derived substrates (SAMe) 

(67). We found that the effects of the MCD diet were blunted in L-KO mice. Levels of PC 

and VLDL were unchanged and hepatic steatosis was reduced. These results were due, 

in part, to an increase in remodeling of PE to PC via the enzyme PEMT where a 10- and 

42-fold increase in PEMT expression was observed in MCD fed WT and L-KO mice, 

respectively. The MCD diet did not change levels of CCT in WT or L-KO mice, but 

expression of enzymes involved in PC catabolism were reduced when Plin2 was 

ablated, further bolstering PC levels in L-KO mice. These findings were consistent with 

the increased PE to PC flux observed in the GNMT/Plin2 knockout mouse model, giving 

rise to increased PC- and triglyceride-rich VLDL secreted from the liver that helped 

alleviate hepatic steatosis (61). It should be noted that overexpression of Plin2 in 

mammalian cells increased PC levels via a CCT-mediated mechanism, that did not 

involve PEMT (17). In the current study however, levels of CCT were unchanged in the 

presence of diet-induced NASH, despite that fact that CCT has been shown to target 
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lipid droplets and to expand the phospholipid monolayer under conditions of lipid excess 

(65, 68). Based on our findings, we posit that hepatic Plin2 ablation blunts effects from 

the MCD diet through a mechanism that promotes PC synthesis, not at the lipid droplet 

surface as directed by the enzyme CCT (65), but by a PEMT-mediated mechanism. 

This hypothesis is consistent with our findings that hepatic Plin2 ablation alleviates diet-

induced steatosis while maintaining PC and VLDL levels. In order to summarize the 

observed findings, a diagram illustrating the proposed mechanism is provided in Figure 

24. 

 Our investigations also demonstrated that hepatic Plin2 ablation reduced diet-

induced inflammation and fibrosis. Signs of histopathological lesions and evidence of 

collagen were diminished in Plin2 null livers when mice were fed the MCD diet. In 

addition, expression levels of pro-inflammatory markers (IL-1, TNF, IL-6, and COX2) 

were significantly decreased and diet-induced effects on ER stress markers (CHOP and 

PERK) and proteins induced by CHOP (pro-caspase-1 and caspase-1) were blunted. 

These findings were consistent with other work showing decreased gene expression 

and secretion of TNF, IL-6, and MCP-1 when Plin2 was knocked down in THP-1 

macrophages (12). Conversely, increased expression of IL-1 and caspase-1 was 

observed in LPS-stimulated C2C12 cells overexpressing Plin2 (13). These findings 

were significant since TLR4 activation of caspase-1 and NLRP3 links ER stress to 

inflammation and cell death, two cellular responses that ultimately lead to the onset of 

hepatic fibrosis and cirrhosis (57). In support of these findings, global ablation of Plin2 

was found to protect against adipose inflammation in high fat diet fed mice (37). Plin2 

deficiency reduced adipose inflammatory foci and macrophage invasion in visceral 
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 adipose, however no hepatic inflammation or fibrosis was observed in WT or global 

knockout mice, possibly due to the limitations of the high-fat diet. In other work, Plin2 

ASO treated mice fed a high fat diet exhibited signs of fibrosis and increased expression 

of type 1 collage, but no change in expression of inflammation markers such as TNF- 

or macrophage infiltration was observed (69). In all, we demonstrated that while the 

MCD diet increased hepatic inflammation and fibrosis in WT mice yielding conditions 

consistent with a NASH phenotype, hepatic Plin2 ablation alleviated these effects and 

protected the liver from obvious signs of injury.  

 In conclusion, our findings present compelling evidence that lack of hepatic Plin2 

alleviates lipid accumulation, inflammation, and fibrosis in the liver. Results support a 

PEMT-mediated mechanism that involves compensatory changes in proteins involved in 

PC remodeling, inflammation, and ER stress that work to alleviate diet-induced NASH. 

Overall, these findings support a role for Plin2 as a target for NASH therapy.  
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CHAPTER 5: 

PLIN2 DRIVES COX-MEDIATED INFLAMMATION THROUGH REGULATION OF 
MICRORNAS-1894 AND -711  
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ABSTRACT 

Lipid accumulation in lipid droplets plays a key role in production of pro-

inflammatory eicosanoids which propagate inflammation. Lipid droplet protein Plin2 

promotes lipid storage and has been shown to protect against adipose and hepatic 

inflammation when ablated. Other work has identified several miRNAs involved in the 

regulation of inflammation through mechanisms that include lipid droplets but which lipid 

droplet protein is involved remains unclear. To investigate this further we examined the 

effect of Plin2 ablation on the miRNA-biome. In Plin2 null livers, 6 miRNAs were 

significantly increased 3-fold or more. Two of these miRNAs (miRNAs -1894 and -711) 

were predicted to target genes associated with eicosanoid biosynthesis and 

inflammation. Luciferase reporter assays and Western blotting demonstrated that 

miRNAs-1894 and -711 directly target the 3’-UTR sites of COX1, COX2, and human 

PTGIS and inhibit protein expression of the target genes. In response to LPS-induced 

inflammation, levels of miRNA-711 decreased and COX2 significantly increased, an 

effect exacerbated when Plin2 was overexpressed. Conversely, levels of miRNA-1894 

increased, negatively affecting the expression of COX1. The extent of targeting of 

COX1 and COX2 to Plin2-coated lipid droplets was determined by Co-IP and FRET to 

show increase partitioning of COX2 when inflammation was present. Meta-analysis of 

ChIP-seq data revealed PPAR, RXR, and p65 response elements within promoter 

regions of Plin2, COX1, COX2, and miRNAs-1894 and -711, suggesting possible 

regulation of the target genes. In summary, Plin2 exerts a significant role in COX-

mediated inflammation through a miRNA directed mechanism that may involve PPARs 

and p65. 
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INTRODUCTION 

 Lipid droplets are recognized as metabolically active organelles with diverse 

functions that involve lipid storage, cell signaling, and membrane trafficking (23, 58, 69). 

In addition, recent work has demonstrated that pathologic conditions where 

inflammation is present increases the size and number of lipid droplets regardless of 

cell or tissue type (17, 32, 33, 50), suggesting a role for lipid droplets and associated 

proteins in the inflammation response. Notably, murine fibroblasts and human 

monocytes, mast cells, and neutrophils contain prostaglandin hydroperoxide (PGH) 

synthase on lipid bodies (2, 5, 15) and cytosolic phospholipase A2 (cPLA2) in the lipid 

droplets of macrophages and mast cells (18, 25, 65). In addition, eicosanoid generating 

enzymes such as 5-LO, 15-LO, FLAP, LTC4, PGE2 synthase, and COX2 target lipid 

droplets (2, 42), suggesting that eicosanoid intermediates are actively recruited to the 

lipid droplet surface. In keeping with this, feeding fatty acids to macrophages and 

monocytes stimulated production of leukotrienes and prostaglandins found on lipid 

droplets (46) while inhibiting transcription factors NF or AP1 prevented lipid droplet 

formation (32). Taken together, these findings suggest that lipid droplets may function 

as specialized intracellular sites of signaling within cells engaged in inflammatory 

processes however, it is unclear how lipid droplet associated proteins are involved.  

 Recently, liver-specific ablation of Perilipin 2 (Plin2) was shown to alleviate hepatic 

inflammation and decrease levels of COX2, TNF-, IL-1, and IL-6 when mice were fed 

a methionine choline deficient diet to induce inflammation (52). Conversely, knockdown 

of Plin2 in macrophages decreased lipid accumulation, and the expression of TNF-, IL-
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6 and MCP-1 (32). In other work, Plin2 augmented inflammation in macrophages (15) 

and was observed in ballooned hepatocytes from livers of NASH patients (22). In 

addition, studies with keratinocytes demonstrated that cross talk occurs between 

PPARs and the p65-subunit of NFB, resulting in increased lipid accumulation and 

increased expression of Plin2 and other inflammation genes when cells were treated 

with TNF- (1). Taken together, these results suggest a role for Plin2 in inflammation 

process however, the mechanism of action remains unclear. Recently, several miRNAs 

have been identified as key mediators in the regulation of the innate immune response 

and the onset of inflammation through mechanisms that may involve lipid droplets and 

associated proteins (7). In macrophages, miRNA-155 was shown to increase lipid 

loading, leading to the formation of lipid droplet-derived foam cells (54). In primary 

mouse hepatocytes, overexpression of miRNAs -215, -96, -124, -122, and -489 led to 

increased Plin2 levels and increased lipid droplet size and number (72). Conversely, 

cells overexpressing miRNAs –let7d, let7e, let7g, and -148a exhibited decreased Plin2 

levels and cellular triglyceride content (72). In monocytes treated with LPS to induce 

inflammation, inhibition of PPAR by miRNA-9 led to upregulation of Plin2, STAT1, and 

TNF(67). In the current work, several miRNAs including miRNAs-711, -1894, -1224, -

574, --494, and -149 that were predicted to target genes associated with inflammation 

were found up-regulated 3-fold or more by Plin2 ablation. Predicted gene targets of 

miRNA-711 include Ptgs2, Ptgis Sp1, Nnfa, Plcd, and Akt (Table 4). Recent work 

revealed miRNA-711 directly targets AKT (61) and HSP-70 (68) and influences PGI2 

synthesis (51). Less is known regarding miRNA-1894, but a recent study suggests a 

role in breast cancer (78). Predicted gene targets for miRNA-1894 include Ptgs1, Pges, 
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Pla2, Erk, and Akt.  miRNA-1224 was shown to directly target SP-1 and inhibit 

production of TNF- (55). Other potential gene targets for miRNA-1224 include Tnfa, Il-

24, Tlr-8, and Il-11. miRNA-574 was upregulated in patients with end stage sepsis (8). 

In addition, miRNA-574 was shown to target APP/PS1, resulting in decreased cognitive 

impairment through regulation of neuritin (35). Other predicted targets for miRNA-574 

include Tgfb and Il-6. With regard to miRNA-494, predicted gene targets include Nfkb, 

Hlf, and cMyc. In cells treated with TNF- to induce inflammation, miRNA-494 was up-

regulated leading to suppressed insulin action and down-regulation of GSK-3a/b, AS16, 

and p70S6K phosphorylation (34). In other work, gene target MyD88 was inhibited by 

miRNA -149 which led to decreased production of inflammatory mediators NFB, TNF-

, and IL-6 (75). Together, miRNAs-149 and -494 were up-regulated in individuals with 

glioma and hepatic cancers (63, 74, 77). Predicted gene targets of miRNA-149 include 

Akt and Torc2. Based on these findings, we propose that up-regulation of these 6 

miRNAs when Plin2 is ablated will inhibit expression of the target genes and as a result, 

limit production of their pro-inflammatory products. To investigate this further, we 

focused our study on two of the highest expressing miRNAs in Plin2 KO livers (-1894 

and -711) that were predicted to target COX1 and COX2, respectively, to explore the 

mechanism by which Plin2 ablation and miRNA regulation affects the COX-mediated 

inflammation response.  

 In the present work, we examine the inflammatory effect of Plin2 using miRNA 

microarrays to identify several miRNAs involved in eicosanoid biosynthesis that were 

up-regulated by Plin2 ablation.  To investigate these results further, we performed a 

serious of luciferase reporter, Western blot, qPCR, co-IP, and FRET experiments to 
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determine Plin2’s role in COX-mediated inflammation and how miRNAs regulate the 

process. 

 

MATERIALS AND METHODS 

MATERIALS 

 Murine fibroblast and macrophage cell lines, L-Cell (ATCC® CRL-2648) and RAW 

264.7 (ATCC® TIB-71) were purchased from American Type Culture Collection 

(Manassas, VA). DMEM, Lipofectamine 2000, and Opti-MEM were purchased from Life 

Technologies-Invitrogen (Carlsbad, CA). Lipopolysaacharides (from E.coli 0111:B4) 

were purchased from Sigma Aldrich Corporation (St. Louis, MO). Rabbit polyclonal 

COX2, COX1, and PGES antibodies used in LPS treatment experiments were 

purchased from Cayman Chemical (Ann Arbor, MI). Rabbit polyclonal PLA2, AKT, 

TLR4, and mTOR2 antibodies were purchased from Cell Signaling (Danvers, MS). Anti-

mouse monoclonal antibodies for COX1 and COX2 used in Co-IP experiments were 

purchased from Santa-Cruz biotechnologies (Santa-Cruz, CA); anti-rabbit polyclonal 

anti-serum to Plin2 was developed in house (4). The Cy3-labeled anti-mouse and Cy5-

labeled anti-rabbit secondary antibodies used for FRET studies were from Life 

Technologies-Invitrogen (Carlsbad, CA). All other reagents and solvents used were of 

the highest grade available and were cell culture tested. 
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CELLS IN CULTURE 

 L-cells, RAW 264.7 macrophages, and primary mouse hepatocytes were maintained 

in high glucose DMEM containing 5% FBS and antibiotics (100 units/ml penicillin and 

100 units/ml streptomycin) under 5% CO2 at 37oC. L-cells overexpressing Plin2 were 

generated previously (47). Mouse hepatocytes were prepared according to White et al. 

(71). For LPS treatment experiments, cells were plated at a density of 9 x 106/dish and 

serum-starved overnight before treatment with lipopolysaacharides (1-2µg/ml) for 24 

hours. Fluorescence imaging and FRET experiments were performed with cells seeded 

at a density of 50,000 cells/chamber on Lab-Tek chambered coverglass slides (Nunc, 

Naperville, IL) and cultured overnight before use. 

 

ANIMALS 

 All animal protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Michigan State University. Male (6 week old, 20-30 g) inbred 

C57BL/6NCr mice were obtained from the National Cancer Institute (Frederick Cancer 

Research and Developmental Center, Maryland). Plin2 null mice were generated as 

described in the section below. Unless utilized for the dietary studies, all mice were 

maintained on a standard rodent chow mix (5% calories from fat) and were kept under a 

12 hr light/dark cycle in a temperature-controlled facility (25°C) with access to food and 

water ad libitum. Animals in the facility were monitored quarterly for infectious diseases. 
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PLIN2 KNOCKOUT MICE 

 Disruption of the murine Plin2 locus and creation of knockout (KO) mice carrying the 

Plin2tm1a(EUCOMM)Wtsi allele on a C57BL/6NTac background was carried out by the 

European Conditional Mouse Mutagenesis Program (EUCOMM) consortium. 

Heterozygous (Plin2 +/-) mice were purchased from the Welcome Trust Sanger Institute 

and were bred together to establish homozygous mice that were globally null in Plin2 

(hereafter known as Plin2 KO mice). The following primer pairs were for genotyping: 

P1forward-5’ CTA GAC TCT CCA AAT CTC TCC AAA AAC 3’ and P2backward-5’ ATA 

GGT ATT GGC AAC CGC AAC 3’ to amplify the wild type (WT) allele and primers 

P1forward and P3backward 5’ TCG TGG TAT CGT TAT GCG CC 3’ to amplify the 

mutant allele. The presence of the mutant allele was also confirmed by detecting the 

presence of the lacZ gene using the primers P4forward 5’ ATC ACG ACG CGC TGT 

ATC 3’ and P5backward 5’ ACA TCG GGC AAA TAA TAT CG 3’. Lack of Plin2 protein 

expression was confirmed by Western blot analysis. 

 

MICRORNA MICROARRAY 

 Total liver RNA was extracted from three WT and three Plin2 KO mice using TRIzol 

and Qiagen miRNA isolation kits. The quality of the RNA was determined in-house with 

a RNA Pico 6000 analyzer from Agilent Technologies (Santa Clara, CA). RNA samples 

with RNA integrity index scores of > 9 were used in microarray and qPCR analyses. 

OneArray miRNA expression profiling was performed by Phalanx Biotech Company 

(Hsinchu, Taiwan). Differentially expressed miRNAs isolated from Plin2 null livers were 

identified following normalization to internal controls. The microarray data were 



162 
 

deposited at the National Center for Biotechnology Institute Gene Expression Omnibus 

(GEO) repository. 

 

HEAT MAP AND VOLCANO PLOT ANALYSIS 

 The miRNA microarray data were processed using mean-centering and Pareto-

scaling prior to multivariate statistical analysis. The heat map was generated using 

Cluster 2.0 from the Eisen Lab modified by Michiel de Hoon 

(http://bonsai.hgc.jp/~mdehoon/software/cluster/). Java Tree Viewer was used to view 

and color the heat map. The volcano plot was generated by plotting log10 transposed 

significance versus log 2 transposed fold change.  

 

GENERATION AND DIRECT TARGETING OF COX1 AND COX2 LUCIFERASE 
REPORTERS 

 
 To perform the luciferase reporter assays, COX2 3’-UTR DNA was purchased from 

GeneCopoeia (Rockville, MD) and cloned into the pEZX-MT01 dual luciferase reporter 

construct.  The COX1 3’-UTR was generated from mouse genomic DNA by PCR and 

then cloned into the pEZX-MT01 vector. The Dual luciferase reporter assays were 

performed as described previously (48) and in accordance with manufactures 

specifications. Relative luciferase activity was calculated as the ratio of firefly luciferase 

activity divided by the Renilla luciferase activity.  

  

  

http://bonsai.hgc.jp/~mdehoon/software/cluster/
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CO-IMMUNOPRECIPITATION STUDIES 

 The Novex system from Life Technologies (Carlsbad, CA) was used for co-

immunoprecipitation (co-IP) experiments following the manufacturers’ protocol. Briefly, 

lipid droplets were isolated from L-cell control and Plin2 overexpression cells treated 

with LPS as described previously (64). Lipid droplet fractions were incubated overnight 

with kit reagents and anti-bodies (anti-Plin2 with anti-COX2 or anti-COX1) at 40C with 

shaking. The next day, unbound fractions were separated by centrifugation, followed by 

washing and elution of the bound complex. Eluate proteins were analyzed by Western 

blotting. A parallel co-IP with the lysates using anti-rabbit IgG was performed to assess 

nonspecific binding (negative control). 

 

LIVE CELL LIPID DROPLET IMAGING 

 L-cells and Plin2 overexpressing cells were grown on Lab-Tek chambered 

coverglass slides (Nunc, Naperville, IL) and cultured overnight before use. The next 

day, cells were washed with PBS and then incubated with Nile red for 30 min at room 

temperature. Before imaging, cells were washed in PBS. Cell images were acquired on 

an Olympus FluoView 1000 Laser Scanning Confocal Microscope using the 568 nm 

diode laser line to acquire images of the cells by sequential excitation. Nile red 

fluorescence emission was collected through a HQ598/40 nm filter. Image analysis was 

performed using MetaMorph 7.5 (Molecular Devices, Sunnyvale, CA). 
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EICOSACELL ASSAY 

 The EicosaCell assay was performed following the procedure of Bandeira-Melo et al. 

(5). In brief, LPS-treated primary mouse hepatocytes were permeabilized and fixed in 

1% EDAC for 30 minutes at 37C. The cells were washed with HBSS and blocked with 

2% FBS in HBSS for 1 hour before incubation with primary antibodies [mouse anti-

PGE2 at 1:100 dilution and rabbit anti-Plin2 at 1:50 dilution] for 1 hr at room 

temperature. After extensive washing with HBSS, Cy3 or Cy5 labeled secondary 

antibodies (at 1:100 dilutions) in PBS was added to each set and incubated for 1 hr at 

room temperature. Cells were then washed with HBSS and mounted with cover slips 

using fluorogel mounting medium (Electron Microscopy Science, Hatfield, PA). Cells 

were stained with Cy3 and Cy5 alone in the absence of primary antibodies to serve as 

background controls. LPS treated cells fixed in 4% paraformaldehyde and 

permeabilised with 0.1% saponin served as negative controls for EDAC-mediated 

entrapment of PGE2 at sites of synthesis. Cell images were sequentially acquired on an 

Olympus FluoView 1000 Laser Scanning Confocal Microscope using 559 nm excitation, 

575/50 filter (green channel) to view the Cy3 emission and 635 nm excitation, 725/30 

filter (red channel) for the Cy5 emission. Co-localization of the Cy3- and Cy-5 signals 

were obtained using the Olympus Fluoview software where the confocal images from 

the green and red channels were merged and appeared yellow where superimposition 

occurred (red and green are additive and yield yellow to orange in RGB color space). 
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COLOCALIZATION AND FLUORESCENCE RESONANCE ENERGY TRANSFER 
(FRET) IMAGING 

 
 Colocalization and FRET imaging studies were performed following procedures 

described earlier (62). Briefly, mouse primary hepatocytes were fixed in cold 

acetone/ethanol (70:30 v/v) and washed with PBS. The cells were blocked with 2% BSA 

and then incubated with either mouse anti-COX1 (1:10) or mouse anti-COX2 (1:25) and 

then rabbit anti-Plin2 (1:50)] for 1 hr at room temperature. After extensive washing with 

PBST (0.05% Tween100 in PBS), a mixture of secondary reagents consisting of Cy3 or 

Cy5 labeled secondary antibodies (at 1:100 dilution) in PBS were added to each set and 

incubated for 1 hr at room temperature. Cells were then washed with PBS and mounted 

with cover slips using fluorogel mounting medium. Cells stained with Cy3 and Cy5 alone 

in the absence of primary antibodies served as background controls. Cell images were 

sequentially acquired and analyzed on an Olympus FluoView 1000 Laser Scanning 

Confocal Microscope as described in the previous section. Acceptor photobleaching 

FRET experiments were performed to measure the increase in donor (Cy3) emission 

upon photobleaching of the acceptor (Cy5) as described elsewhere (47,62). To 

calculate the FRET efficiency (E), representing the efficiency of energy transfer between 

donor and acceptor, the following equation was used: E = 1-(IDA/ID) where IDA is donor 

fluorescence intensity before acceptor photobleaching and ID is the donor fluorescence 

intensity after acceptor photobleaching. An average E value was calculated from Cy3 

fluorescence emission increase after photobleaching. The intermolecular distance R 

between Plin2 and COX2 or Plin2 and COX1 was calculated from the equation E = 1/(1-

(R/Ro)
6), where E is experimentally determined and Ro is the Foster radius for the Cy3-

Cy5 FRET pair, previously determined as 51 Å. For the FRET efficiency images, 
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analysis was performed in MetaMorph 7.5 (Molecular Devices, Sunnyvale, CA). Images 

were filtered to remove randomized noise by using a low pass filter. The filtered images 

of the donor emission before acceptor photobleaching were subtracted from the image 

after acceptor photobleaching. The resultant image was divided by the image of donor 

emission after acceptor photobleaching and multiplied by 100 to generate bar-scale 

FRET efficiencies.  

 

QUANTITATIVE REAL-TIME PCR 

 Total RNA was isolated from liver using Trizol (Qiagen, Valencia, CA) in accordance 

with the manufacturer’s protocol. Total RNA (1 g) from each liver sample was 

converted into first strand cDNA using ABI high capacity cDNA reverse transcription kit 

(Gand Island, NY). Expression was analyzed by SYBR Green or Taqman microRNA 

assays using commercially available primers from IDT (Coralville, IA) or Life 

Technologies (Carlsbad, CA) on a StepOne plus Real Time PCR system. Relative 

expression was calculated using the comparative 2-CT method (39). Data were 

expressed as fold difference. 

 

WESTERN BLOT ANALYSIS 

 Cell lysates (10-20 µg protein) were separated on 10% tricine gels using a Mini-

Protean II cell (Bio-Rad lab, Hercules, CA) system at constant amperage (40 mA per 

gel) for about 2 hrs. Proteins were then transferred onto PVDF membranes at constant 

voltage (90 V) for 2 hrs. Blots were stained with Ponceau S to confirm uniform protein 

loading (3, 73) before blocking in 3% BSA in TBST (10 mM Tris-HCl, pH 8, 100mM 
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NaCl, 0.05% Tween-20) for 1 hour. Blots were incubated with specific polyclonal rabbit 

antibodies overnight and were developed with IRDye 800CW anti-mouse (LI-COR) or 

IRDye 680RD anti-rabbit (LI-COR) secondary antibodies. To visualize the bands of 

interest, blots were scanned using the LI-COR Odyssey imaging system (Lincoln, NE). 

Protein bands were quantitated by densitometric analysis after image acquisition using 

NIH Scion Image to obtain relative protein levels expressed as integrated density. All 

values were normalized to GAPDH or -actin expression.   

 

RNA INTERFERENCE (SIRNA) 

  Plin2 siRNA (sense-5′-AACGUCUGUCUGGACCGAAUA-3′ and the corresponding 

antisense) sequences were synthesized from Dharmacon (Lafayette, CO). A non-

targeting control siRNA was purchased from Dharmacon. RAW 264.7 cells were 

transfected with siRNA using opti-MEM and RNAiMax as per the manufacturer’s 

instructions. Briefly, cells (0.5 x 106 cells/ well) in 6-well plates (Nunc, Naperville, IL) 

were transfected with either the non-targeting control siRNA (100nM) or the Plin2 siRNA 

(100nM). Un-transfected control cells plated at the same density were maintained 

simultaneously. Twenty four hours after transfection, the media was changed to 

complete growth medium. After 48-hours of transfection, cells were treated with 1 g/ml 

LPS for 4 hours. Cells were then harvested and cell lysates stored at -80 C until used 

for further analyses. 
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ANALYSIS OF TNF- AND IL-1 IN PLIN2 KNOCKDOWN CELLS 

 RAW 264.7 cells transfected with control and Plin2 siRNA were treated with 1g/mL 

LPS for 4 hrs. Concentrations of TNF- and IL-1 were determined using ELISA kits 

from eBioscience (San Diego, CA) according to the manufacturer’s instructions. 

Colorimetric analysis of TNF- and IL-1 were measured on an Omega FLOUstar 96-

well plate reader from BMG labtech (Ortenberg, Germany).  

  

META-ANALYSIS OF CHIP-SEQ DATASETS 

 ChIP-Seq datasets for hepatic binding of p65 (6), PPARα (9), and RXR (27) in mice 

were obtained from the Gene Expression Omnibus (GEO). BedGraph files were 

imported as custom tracks into the UCSC Genome Browser (https://genome.ucsc.edu/) 

using the mouse mm9 GRCm37 genome build in order to visualize transcription factor 

binding within the promoter regions of Plin2, miR-1894, miR-711, Ptgs1, and Ptgs2.  

  

STATISTICAL ANALYSIS 

 Values were expressed as the means ± S.E.  In comparisons made between two 

groups, Student's t tests were performed using Graphpad Prism (San Diego, CA). When 

more than two groups were compared, one-way analysis of variance (ANOVA) with 

Newman Keuls post-hoc test was performed. Values with p < 0.05 were considered 

statistically significant.  
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RESULTS 

GENERATION OF PLIN2 GLOBAL KO MICE 

 To generate Plin2-null mice, a targeting strategy was designed that involved 

insertion of a promoterless cassette in the intronic region between exons 3 and 4 to 

disrupt the WT allele (Fig. 25A). Homozygous mice globally null in Plin2 were generated 

by breeding together heterozygous mice carrying the Plin2 targeted allele. The mice 

were genotyped using three PCR assays to identify homozygous (Fig. 25B, lanes 1-3), 

heterozygous (lanes 4-6) and WT (lanes 7-9) mice. Heterozygous mice were positive for 

all three PCR assays while homozygous mice contained bands representing the FRT 

site (204 bp) and the lacZ gene (108 bp). WT mice lacked the FRT site and lacZ gene 

and were positive only for a 650 bp band representing the WT allele (Fig. 25B). Western 

blot analysis confirmed ablation of Plin2 in the liver, kidney, heart, white adipose tissue, 

(WAT), and muscle (Fig. 25C).  

 

PROFILE OF THE MIRNAS AFFECTED BY PLIN2 ABLATION 

 Recently, several miRNAs were shown to influence lipid droplet morphology by 

altering lipid droplet size and lipid content (72). Since Plin2 is also known to affect these 

parameters, we decided to examine the effect of Plin2 ablation on the miRNA biome by 

performing a miRNA microarray on Plin2 null liver samples (Phalanx Biotech, San 

Diego, CA). Out of the 1200 sequences analyzed, 1086 returned a detectable 

signal. The data was presented as log2 transformed and normalized using the 75% 

media scaling normalization method (41). A heat map displaying unsupervised 

hierarchy clustering was developed showing the expression profile of miRNAs on a  
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green to red scale where green shades indicated reduced relative expression and red 

indicated increased expression (Fig. 26A). To identify the miRNAs showing 

replicate reproducibility and greater than a 2-fold change, a Volcano plot was generated 

(Fig. 26B). The plot described the distribution of differentially expressed probes as a 

measure of significance (negative logarithm of the P-value) on the y axis against the 

fold-change (x-axis). In response to Plin2 ablation, 20 miRNAs were up-regulated, and 

of these, 6 miRNAs (-1894, -494, -711, -1224, -574, and -149) were significantly up-

regulated 3-fold or more (Fig. 27A). Microarray results were validated by qPCR and 

showed significantly increased miRNA levels in Plin2 null samples when compared to 

controls (Fig. 27B). Several miRNAs downregulated by Plin2 ablation (-5122, -92a, -

1907, -146a, -709, and -665) exhibited a minimal reduction (2.3-fold and less) and were 

not considered further (Fig. 27A). We noticed that several of the miRNAs were predicted 

to target genes associated with eicosanoid biosynthesis and inflammation as listed in 

Table 4. In particular, miRNAs -1894 and -711 contained seed sequences with targets 

to the 3’ UTRs of COX1, COX2, PGIS, PGES, PLA2 and AKT. Based on these findings, 

we propose that up-regulation of miRNAs-1894 and -711 when Plin2 is ablated may 

inhibit expression of eicosanoid producing target genes and as a result, limit 

inflammation. To test this hypothesis, we determined the effect of Plin2 ablation on 

levels of these gene targets (Fig. 28A), along with other markers of inflammation 

including NFB, IL-1 IL-6, and TNF-(Fig. 28B). Expression levels of COX1, COX2, 

and PTGIS were decreased 2-, 1.8-, and 2.2-fold, respectively in Plin2 null livers, in 

keeping with the observed up-regulation of miRNAs-1894 and -711. Inflammation 

markers IL-1, IL-6, and TNF- were also decreased 3.3-, 6.3-, and 4.4-fold,  
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Table 4. Predicted miRNA targets altered by Plin2 ablation. 

MicroRNA Predicted Gene Targets Gene Product Significant Pathways 

miR-711 Ptgs2, Sp1, Tnfa,  
Plcd, Akt, Ptgis  

COX2, SP1, TNF, 

PLCAKT, PTGIS  

Inflammation,  

Fibrosis  

miR-1894 Ptgs1, Pges, Pla2,  
Erk, Akt, 

COX1, PGES, 
cPLA2, 
 ERK, AKT 

Inflammation,  
Cancer,  

CCR 

miR-1224 Tnfa, Sp1, Il-24,  
Tlr-8, Il-11 

TNFSP1, IL-24,  
TLR-8, IL-11 

Inflammation, 
Hepatocellular 
carcinoma  

miR-574 Tgfb, Rrxra, Ppara,  
Ap-1, Il-6 

TGFB, RXR 

PPAR 
AP-1, IL-6 

Inflammation,  

Liver cirrhosis,  
CCR  

miR-494 Nfkb, Hlf, cMyc,  NFHLF, cMyc,  Inflammation, 
Cancer 

miR-149 Actin, Akt, Torc2,  actin, AKT, 
mTOR2,  

Inflammation, 
Fibrosis, Cancer 

TargetScan.org and Exiqon.com were used to determine possible targets associated 

with hepatic inflammation.  Significant pathways associated with the predicted targets 

based on the genes listed and recent findings were also determined. CCR= Cell Cycle 

Regulation 
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respectively (Fig. 28B). In contrast, levels of AKT and p-AKT were upregulated 2.2- and 

1.8-fold, while PGES levels were unaffected. Transcription factor NFB was decreased 

2.5-fold, while PPAR and PPAR were increased 8.9- and 31-fold, respectively (Fig. 

28B). Notably, recent studies have shown that PPARs exert a regulatory effect on 

inflammation genes through interactions with the NFB pathway (14, 28, 43). Using 

ChIP-seq data sets that are available through the genome omnibus (GEO), we identified 

response elements for PPAR PPARRXR, and the p65 (a subunit of NFB) in the 

promoter regions of Plin2, miRNAs-1894 and -711, and their gene targets COX1 and 

COX2 (Fig. 29). Files were downloaded from previous ChIP-seq studies (6, 9, 27) and 

available tracks uploaded to UCSC genome browser (https://genome.ucsc.edu/). 

Transcription factor binding intensities were normalized to show comparative signals for 

PPAR PPARRXR, and p65 (X-axis) while the proximal promoter regions for each 

gene (Y-axis) were scaled to the areas of interest. The Plin2 locus, located on 

chromosome 4, showed binding of PPAR PPARRXR, and p65 to within 5 kb of the 

transcription start site (Fig. 29A). The data showed that PPARwas bound at two 

locations upstream of Plin2 (Fig. 29A, green box) and overlapped with RXR and 

PPAR(blue and green box), suggesting that PPAR-RXR heterodimers may exist at 

these sites.  Increased RXR signal at the region overlapping with PPAR under 

bexartene (Bexa) stimulation, a potent retinoid RXR agonist  (Fig. 29A, blue and green 

box overlap) and treatment with rosiglitazone (Rosi), a PPAR agonist, supported the 

existence of PPAR-RXR heterodimers at this location (Fig. 29A, blue box). NFB -p65 

signal was not detected at the Plin2 locus under basal conditions however, stimulation 

with kdo2-lipid A (KLA), a synthetic TLR4- NFB agonist, induced a strong p65 

https://genome.ucsc.edu/
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 response increasing p65 signal directly at the RXR and PPARbinding site (Fig. 29A, 

red box). Taken together, these findings suggest that PPAR PPARRXR, and p65 

drive Plin2 expression under basal and LPS-stimulated inflammation,  

 COX1 (encoded by the Ptgs1 gene on chromosome 2), showed less PPAR binding 

than Plin2 (Fig. 29A vs B) however, PPARbinding was mapped to an intronic and 

downstream region of COX1. The intronic bound PPARpeak was enriched under 

stimulation with Rosi indicating PPARmay play a role in the post transcriptional 

regulation or mRNA splicing of COX1 (60) as shown in (Fig 29B, blue box). In addition, 

COX1 contained a p65 binding site present under KLA induction, one of which 

overlapped with BEXA-stimulated RXR (Fig 29B Red box). COX2 encoded by the Ptgs2 

gene on chromosome 1, contained a single p65 peak in the proximal promoter region 

that was strongly induced by KLA (Fig 29C Red box). With regards to transcriptional 

control of miRNAs, the miRNA-1894 locus, located on chromosome 17, showed that 

PPARand PPAR bound to the promoter region within 5kb of its transcriptional start 

site. Additional binding sites were observed ~10kb upstream of the start site however, 

the presence of additional genes indicated that these sites may not be involved in 

miRNA-1894 regulation (Fig 29D, green and blue boxes).  In alignment with the 

PPARand PPARsites to within 5kb of the transcriptional start site was a p65 signal. 

Activation of p65 induced overlap with PPARand PPARsupporting cross talk 

between the two transcription factors (Fig 29D, red box). In contrast to the other genes, 

miRNA-1894, miRNA-711 did not contain binding of transcription factors in the proximal 

promoter region (Fig 29E). In place of proximal binding, a p65 binding site was 

observed 20kb downstream, overlapping with PPARbinding in the presence of Rosi 
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(Fig 29E, red box). Further downstream of the p65 site were additional PPARPPAR 

and RXR sites that were enriched under BEXA or Rosi treatment (Fig 29E, blue and 

green boxes). Based on these results, we propose that the downstream binding sites of 

p65, PPARPPAR and RXR regulate miRNA-711 expression by looping back on the 

upstream promoter region, as observed for TNF- in a similar mechanism (30). Overall, 

meta-analysis of available Chip-Seq data suggests that expression of Plin2, COX1, and 

miRNAs-1894 and -711 is controlled via crosstalk between PPARs and p65. COX2 on 

the other hand, appears to be under the direct control of p65, suggesting that Plin2 may 

influence COX2 levels post transcriptionally. 

MIR-1894 AND -711 DIRECTLY TARGET AND REGULATE COX1 AND COX2 
EXPRESSION 

 
 To determine whether miRNAs-1894 and -711 directly target their predicted gene 

targets COX1, COX2, and PTGIS, several 3’-UTR luciferase reporter vectors were 

generated and dual luciferase reporter assays were performed as described in the 

Methods section. In cells overexpressing miRNA-1894, luciferase activities were 

significantly reduced when the COX1 3’-UTR luciferase reporter system was present, 

indicating miRNA-1894 directly targeted and inhibited expression of COX1 (Fig. 30A).  

Likewise, luciferase activities were decreased in the presence of the COX2 3’-UTR 

luciferase reporter system in miRNA-711 overexpression cells, signifying that miRNA-

711 directly targets and inhibits COX2 (Fig. 30A). However, no change in luciferase 

signal was observed in the presence of the 3’-UTR of mmu-PTGIS, indicating that 

miRNA-711 did not directly target mouse PTGIS. Upon further examination, we found a 

conserved consensus sequence for hsa-miRNA-711 present in the 3’-UTR of human 
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 PTGIS. Therefore, we repeated the luciferase experiments with human hsa-miRNA-711 

and human PTGIS 3’-UTR transfected into HepG2 cells. Under similar conditions, we 

found decreased luciferase activities when hsa-miRNA-711 was overexpressed (Fig. 

30A). Taken together, these results indicate that COX1, COX2, and human PTGIS 

mRNA are post-transcriptionally controlled by miRNAs -1894 and -711, respectively. To 

verify these results, we examined levels of COX1, COX2, and PTGIS in cells 

overexpressing their respective miRNAs. In miRNA-1894 overexpression cells, levels of 

COX1 were significantly decreased 1.5-fold when compared to control cells, indicating 

miRNA-1894 suppression of COX1 (Fig 30B). Similarly, levels of COX2 were 

significantly decreased 3.3-fold in miRNA-711 overexpression cells (Fig. 30B). No 

significant difference was observed with mouse PTGIS levels in mmu-miRNA-711 

overexpression cells but a 3.3-fold decrease in human PTGIS levels was observed 

when hsa-miRNA-711 was overexpressed (Fig. 30B). These results demonstrate that 

mmu-miRNAs-1894 and -711 directly target and inhibit expression of target mouse 

genes COX1 and COX2, but not PTGIS. However, human PTGIS is targeted by hsa-

miRNA-711, leading to significant decreases in expression when hsa-miRNA-711 is 

overexpressed. Given the function of the target genes (eicosanoid biosynthesis), these 

results suggest that miRNAs-1894 and -711 that are up-regulated when Plin2 is ablated 

may play a key role in regulating the inflammation response. 

 

MIRNA -1894 AND-711 CORRELATE INVERSELY WITH COX1 AND COX2 UNDER 
CONDITIONS OF LPS-INDUCED INFLAMMATION 

 
 To determine the effect of Plin2 and inflammation on levels of miRNAs-1894 and -

711 and their gene targets COX1 and COX2, we next examined levels of miRNAs-1894 
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and -711, COX1 and COX2, along with other inflammation markers (TNF-, IL-6, and Il-

1 in Plin2 overexpression cells treated with LPS. As expected, increased expression 

of Plin2 led to decreased levels of miRNAs-1894 and -711 2.5- and 3.3-fold, 

respectively (Fig. 31A) while levels of COX2, TNF-, IL-6, and Il-1increased a 

respective 1.9-, 2-, 1.8-, and 1.9-fold (Figs. 31B, C). COX1 levels however, remained 

unchanged (Fig. 31B). These results suggest that Plin2 may mediate the inflammation 

response by regulating levels of miRNA-711 and its gene target COX2, an enzyme 

involved in eicosanoid biosynthesis. The fact that COX1 remained unchanged when 

miRNA-1894 was decreased was unanticipated; however COX1 regulation is complex 

and may involve other factors (21). When control cells were treated with LPS, levels of 

miRNA-711 decreased 3.3-fold, concomitant with a 2.9-fold increase in COX2 levels 

(Fig. 31A, B). Conversely, levels of miRNA-1894 increased 2-fold, producing a 2.5-fold 

decrease in COX1 expression. In addition, expression of TNF-, IL-6, and IL-1 

increased 2.8-, 2.6-, and 2.4-fold, respectively when inflammation was induced. Upon 

treatment of Plin2 overexpression cells with LPS, COX2 levels increased 1.9-fold (Fig. 

31B). In contrast, levels of miRNA-1894 were increased 1.6-fold, while levels of COX1 

decreased 2.4-fold, suggesting that miRNA-1894 and its gene target COX1 are 

regulated independently of Plin2 under LPS stimulated conditions. With miRNA-711, no 

further reduction in levels was observed when compared to untreated Plin2 
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 overexpression cells or LPS-treated control cells, possibly because levels were already 

substantially reduced (Fig. 31D). We also assessed levels of Plin2 under these 

conditions and found that LPS treatment in control and Plin2 overexpression cells 

increased Plin2 levels 3.2- and 2.4-fold, respectively (Fig. 31D). The above effects were 

reversed in Plin2 knockdown RAW macrophages treated with LPS. Silencing of Plin2 by 

siRNA knocked down Plin2 by 69% and decreased COX2 levels 2-fold (Fig. 32). LPS 

treatment increased Plin2, COX2, TNF-, and IL-1 1.7-, 1.5, 1.5-, and 1.6-fold in 

control cells, however in Plin2 knockdown cells, these effects were completely blunted 

(Fig. 32). A morphological examination of these cells revealed overexpression of Plin2 

increased the size and number of lipid droplets (Fig. 33B), as shown in other studies 

where eicosanoid and prostaglandin synthesis increased at the lipid droplet surface (2, 

5, 10). It should be noted that LPS-induced inflammation also increased Plin2 

expression (Fig. 31D) and lipid droplet size and number in control cells (Fig. 33C). 

However, when Plin2 was overexpressed in LPS treated cells, larger, more numerous 

lipid droplets were observed (Fig. 33D), concomitant with a further increase in COX2 

expression (Fig. 31B). Since it has been shown that COX2 targets to lipid droplets (17), 

these results suggest that the changed morphology of lipid droplets may be the result of 

increased partitioning of COX2 and other eicosanoid producing enzymes to Plin2-

coated lipid droplets when inflammation is present. 
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LPS-INDUCED INFLAMMATION ALTERS PLIN2-COX INTERACTIONS IN 
ISOLATED LIPID DROPLET FRACTIONS 

 
 To determine whether inflammation promotes increased partitioning of COX2 to lipid 

droplets, we isolated lipid droplet fractions from control and Plin2 overexpression cells 

treated with LPS. Plin2, COX2 and PLA2 were detected in the lipid droplet fractions as 

expected (Fig. 34A Lane 5). When Plin2 was overexpressed, levels of COX2 were 

increased 2.5-fold (Fig. 34B). LPS treatment further increased COX2 levels 2- and 1.8-

fold, respectively in lipid droplets isolated from control and Plin2 overexpression cells 

(Fig. 34B). To determine if Plin2 interacts with COX2 (or COX1) in lipid droplets, Co-IP 

assays were performed (Figs. 34C-F). Lipid droplet fractions were immunoprecipitated 

with COX1 and COX2 antibodies in control cells (Fig. 34C, lane 2), cells treated with 

LPS (Fig. 34C; lane 3), and LPS-treated Plin2 overexpression cells (Fig. 34B, lane 4). 

Samples were immunoblotted with anti-Plin2 to show interactions between Plin2-COX1 

and Plin2-COX2.  Control cells precipitated with anti-COX1 and anti-COX2 pulled down 

Plin2 indicating that Plin2-COX1 and Plin2-COX2 complexes formed in lipid droplet 

fractions.  In cells treated with LPS, interactions between Plin2 and COX1 decreased by 

2.4-fold (Fig. 34D). Conversely, interactions between Plin2 and COX2 increased 2.8-

fold. Plin2 overexpression attenuated this effect, increasing Plin2-COX2 complexation 

an additional 1.7-fold (Fig. 34D).  Lipid droplet fractions were also immunoblotted with 

the COX2 antibody to show that levels of COX2 immunoprecipitated in the assay were 

similar (Fig. 34C). Plin2 was next immunoprecipitated from control cells (Fig. 34E, lane 

2), cells treated with LPS (Fig. 34E; lane 3), and LPS-treated Plin2 overexpression cells 

(Fig. 34E, lane 4). LPS-treated control cells precipitated with Plin2 showed a 1.9-fold 
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 decrease in Plin2-COX1 interactions (Fig. 34F). Plin2 precipitation in LPS-treated 

control cells resulted in a 1.8-fold increase in Plin2-COX2 interactions (Fig. 34F). 

However, Plin2-COX2 interactions were not further increased by Plin2 overexpression 

in LPS treated cells as they were in the COX2 precipitated samples (Fig. 34F). Taken 

together, these results demonstrated that COX2-Plin2 interactions were enhanced 

under LPS-induced inflammation conditions but COX1-Plin2 interactions were 

decreased. To confirm Plin2-COX2 interactions, FRET imaging was performed with 

Plin2 and COX2 using acceptor photobleaching as described in our previous work [27, 

28]. Since FRET allows estimation of intermolecular distances between molecules to 

within 10-100 Å, this method allowed detection of direct Plin2-COX2 interactions at the 

molecular level. The mean distance R observed between Plin2 and COX2 was 

calculated as 65+1 Å (Table 5), indicating close proximity. To visualize where in the cell 

FRET occurred, co-localization (Fig. 35A) and FRET efficiency (E) images (Fig. 35B) 

were generated. E was scaled to visualize regions of lower (black to blue) and higher 

(green to yellow) FRET. With Cy3- COX2/Cy5-Plin2 labeled cells, areas of high intensity 

identified by morphology as lipid droplets showed E in the range of 45-60% (blue to 

cyan on the FRET inset color scale), values consistent with efficient overlap of 

electronic states and direct interaction of Plin2 with COX2 on lipid droplets. Overall, we 

demonstrate that Plin2 sequesters COX2 to the lipid droplet surface, an effect that is 

attenuated when inflammation is present.  In support of these findings, co-localization 

experiments in the EicosaCell assay showed entrapped PGE2 at the surface of Plin2-

coated lipid droplets (Fig. 35C) under LPS stimulation. Using a novel anti-PGE2 

antibody (Fig. 35C) we demonstrate a significant amount of PGE2 covalently cross-links  
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Table 5. FRET efficiency E and distance R between Cy3-COX2 and Cy5- Plin2.  

FRET PAIR E (%) R (Å) 

Plin2-COX2 20 ± 2.1 65 ± 1.4 
Plin2-COX1 21 ± 2.5 65 ± 1.8 

Interaction between Plin2 and COX1 or COX2 was analyzed by acceptor 

photobleaching FRET. FRET experiment was performed by measuring the fluorescence 

emission of the Cy3 donor (COX1 or COX2) through the 575/50 nm filter upon excitation 

at 559nm before and after photobleaching of the Cy5-acceptor (Plin2) at 633nm. One or 

two cells in the field of 3-6 cells selected for photobleaching were left unbleached to 

serve as a negative bleaching control.  Values represent the mean ± SE, from n = 20-40 

lipid droplets in 20-30 cells.   
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to Plin2 coated lipid droplets (Fig. 35D; arrows). The overlay indicated the greatest 

amount of co-localization occurred at the lipid droplet surface, providing support that 

lipid droplets not only contain eicosanoid producing enzymes, but that they are active 

sites of eicosanoid synthesis. Taken together, these results indicate that lipid droplets 

compartmentalize the enzymatic machinery necessary for eicosanoid synthesis under 

inflammatory conditions and that Plin2 plays an active role in the recruitment of COX1 

and COX2 to the lipid droplet surface. 

 

DISCUSSION 

 The current study resolves a previously unknown role of Plin2 in hepatic miRNA 

regulation. Using a combination of Plin2 global knockout and overexpression models we 

demonstrate for the first time the effects of hepatic Plin2 ablation on the miRNA-biome 

and provide compelling evidence that Plin2 and two miRNAs, -1894 and -711, play key 

roles in regulating the inflammation response.  

 Perturbations in lipid droplet function have been implicated in promoting several 

diseases including type 2 diabetes, atherosclerosis, and cardiovascular disease (26), 

yet few studies have focused on the role of lipid droplets and associated proteins in the 

regulation of inflammation. Lipid droplet protein Plin2 has been shown to promote lipid 

accumulation (24, 37, 47), to augment inflammation in macrophages (15), and was 

observed in ballooned hepatocytes from livers of NASH patients (22). Plin2 was also 

significantly upregulated in both monocytes and macrophages after exposure to oxLDL 

(40, 57, 70), suggesting that Plin2 may play a key role in the formation of foam cells and 

initiation of atherosclerosis. Global ablation of Plin2 protected against diet-induced 

obesity, adipose inflammation, and liver steatosis, but effects on hepatic inflammation 
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were not determined (11-13, 29, 49, 57). This was addressed in recent work where 

liver-specific ablation of Plin2 alleviated diet-induced hepatic steatosis, inflammation, 

and fibrosis (52). Notably, pro-inflammatory markers COX2, TNF- -6, and IL-

were significantly decreased in these mice when inflammation was induced by a 

methionine and choline deficient diet. Consistent with these findings, studies with Plin2-

GNMT double KO mice showed that the hepatic steatosis and inflammation that 

occurred in the single GNMT KO mouse model were relieved when both Plin2 and 

GNMT were ablated (44, 45). In other work, Plin2 knockdown in THP1 macrophages 

resulted in decreased expression of several pro-inflammatory markers including TNF-

IL-6, and MCP-1 (15). Conversely, Plin2 overexpression in LPS-treated cells led to 

increased levels of IL-1 and caspase-1 in a mechanism proposed to include NLRP3 

and Plin2 (16). Taken together, these studies based on mice and cell models of altered 

Plin2 expression indicate a key role for Plin2 in regulating the inflammation response.   

 Other studies have identified miRNA-mediated mechanisms involving lipid droplets, 

and in one case Plin2 in the onset of inflammation. For example, inhibition of PPAR by 

miRNA-9 in monocytes led to upregulation of Plin2, STAT1, and TNF- when cells were 

treated with LPS to induce inflammation (67). In other work, miRNA-155 was shown to 

modify the inflammatory capacity of macrophages by increasing lipid loading and 

promoting the formation of lipid droplet derived foam cells, the hallmark of 

atherosclerosis (53). THP-1 macrophages stimulated with oxLDL showed increased 

expression of miRNA-150, along with increased lipid loading and atherosclerosis (36). 

This work was followed by challenging miRNA-150 knockout mice with a high fat diet. 

The mice exhibited increased fat accumulation and decreased glucose tolerance and 
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insulin sensitivity, along with increased expression of pro-inflammatory cytokines in 

adipose tissue (76). Studies with miRNA-21 showed increased expression when 

macrophages were treated with LPS to induce inflammation (20). When miRNA-21 was 

overexpressed by transfection increased lipid accumulation and formation of lipid-laden 

foam cells was observed which was reversed when expression of miRNA-21 was 

silenced (20). Plin2 was not measured in these studies, however the close association 

of Plin2 with foam cell formation has been extensively reported (40, 57, 66, 70) and was 

likely part of the process. In the present work we found that Plin2 ablation led to up-

regulation of several miRNAs. Notably, two of the highest expressing miRNAs, miRNAs-

1894 and -711, were predicted to target eicosanoid-producing gene products COX1, 

COX2, and human PTGIS and were selected for further study. We demonstrate herein 

that miRNA-1894 directly targets COX1 while miRNA-711 directly targets COX2 and 

human PTGIS. In keeping with this, levels of the target gene products COX1, COX2 and 

human PTGIS are decreased in miRNA-1894 and -711 overexpression cells. Given the 

function of the target genes (eicosanoid biosynthesis), these results suggest that 

miRNAs-1894 and -711 likely play a role in regulating COX-mediated inflammation. 

Consistent with this, cells overexpressing a hybrid COX1-PTGIS enzyme exhibited 

increased miRNA-711 levels which was proposed to play a negative feedback role in 

PGI2 production (51). We found that cells treated with LPS to induce inflammation had 

decreased expression of miRNA-711 and a concomitant increase in COX2 levels. 

Conversely, levels of miRNA-1894 were increased, negatively affecting the expression 

of COX1. These results are not surprising since COX2 is activated by inflammation and 

synthesizes prostaglandins to activate the inflammatory process (21) whereas COX1 
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responds to mostly physiological stimuli and releases prostaglandins under basal 

conditions (21, 38). Intriguingly, a morphological examination of LPS-treated cells 

revealed that lipid droplet size and number were increased upon LPS treatment, an 

effect exacerbated by Plin2 overexpression. These results were consistent with studies 

with microglia where LPS treatment resulted in accumulation of lipid droplets, up-

regulation of Plin2, and recruitment of PGES and phospholipase A2 to lipid droplets in a 

JNK/MAPK-dependent manner (19, 32). In the current work, we show that Plin2 co-

localizes with PGE2 on lipid droplets. Results from our co-IP experiments and FRET 

imaging show that Plin2 directly interacts and sequesters COX2 to the lipid droplet 

surface, an effect that is increased when inflammation is present. These results suggest 

that Plin2 actively recruits COX2, promoting lipid droplet involvement in inflammation 

progression. 

 Several lines of evidence suggest that transcription factors such as PPARs and p65, 

a subunit of transcription factor NFB, are involved in the onset of inflammation 

inflammation (1, 14, 28). To determine the relationship between these transcription 

factors that are known to regulate lipid droplet proteins and COX-mediated 

inflammation, we turned to ChIP-Seq studies that mapped response elements across 

the genome (Fig. 29). After screening the available data, we identified putative response 

elements for PPAR, PPAR, RXR, and p65 in the promoter regions of Plin2, COX1, 

COX2, miRNA-1894, and miRNA-711. These findings were significant because overlap 

of PPAR-RXR heterodimers with p65 in the promoter region has been shown to foster 

cross talk between the transcription factors (1, 28). For example, direct interactions of 

PPARwith the p65 RelA region caused p65 to undergo ubiquitination and degradation, 
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resulting in termination of NFB signaling (1, 14, 28). In addition, displacement of 

PPAR by p65 promoted increased expression of Plin2 (19, 32, 56), COX2 (21), and 

TNF (31, 59) under inflammation conditions. Consistent with this, mice injected with 

LPS exhibited increased hepatic lipid accumulation and expression of Plin2 while 

expression of PPAR RXR, and PPARwere decreased (56). Moreover, enzymes 

involved in fatty acid synthesis and oxidation including fatty acid synthase, enoyl-CoA 

hydratase, stearoylCoA desaturase, acyl-CoA dehydrogenase, acetyl-CoA carboxylase, 

and carnitine palmitoyl-transferase 1 that are direct targets of PPAR RXR, and 

PPARwere also decreased following LPS-induced inflammation (56). In other work, 

activation of p65 and AP-1 in macrophages led to increased expression of Plin2 

whereas inhibition of p65 or AP-1 blunted development of hepatic steatosis (32, 56). A 

closer examination of the cross talk between PPARs and p65 in keratinocytes 

demonstrated in vivo that p65/RelA repression of PPARin TNF- stimulated cells 

increased lipid accumulation, Plin2, and cytokine expression through a mechanism 

involving histone deacetylases (1). A schematic overview detailing the roles of Plin2, 

miRNAs-1894 and -711, along with PPARs and p65 is presented in Figure 36 to 

illustrate the overall mechanisms involved.  

 In summary, we investigated the effect of Plin2 ablation on the microRNA-

microbiome. In Plin2 null livers, 6 miRNAs were significantly increased 3-fold or more. 

Two miRNAs (-1894 and -711) were predicted to target genes associated with 

eicosanoid biosynthesis and inflammation. Luciferase reporter assays and Western 

blotting demonstrated that miRNAs-1894 and -711 directly target the 3’-UTR sites of 

COX1, COX2, and human PTGIS and inhibit protein expression of the target genes. In 
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 response to LPS-induced inflammation, levels of miRNA-711 decreased and COX2 

significantly increased, an effect exacerbated when Plin2 was overexpressed. 

Conversely, levels of miRNA-1894 increased, negatively affecting the expression of 

COX1. Co-IP assays and FRET imaging showed that Plin2 sequestered COX2 to the 

lipid droplet surface, an effect that was increased when inflammation was present. 

Meta-analysis of ChIP-seq data revealed PPAR, RXR, and p65 response elements 

within promoter regions of Plin2, COX1, COX2, and miRNAs-1894 and -711, suggesting 

possible regulation of the target genes. Collectively, we demonstrate lipid droplets are 

the site of eicosanoid production and propagate the inflammation response. Plin2 

impacts this process by actively recruiting COX enzymes to the lipid droplet surface 

altering their expression post-transcriptionally via miRNAs-1894 and -711. 
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OVERVIEW 

 The objective of this thesis was to establish the role lipid droplet protein Plin2 

plays in inflammation and inflammation-based metabolic diseases. From our studies we 

found that Plin2 promotes COX-mediated inflammation through high-affinity interactions 

with pro-inflammatory lipids and direct interactions with COX2 (Chapter 3 and Chapter 

5). Results reported in chapter 4 provide evidence that Plin2 hepatic ablation blunts the 

onset of hepatic steatosis, inflammation, and fibrosis through a PEMT-mediated 

mechanism. Plin2 ablation in mice also resulted in decreased inflammation markers 

COX2, TNF, IL-1, and IL-6 and reduced expression of ER stress proteins CHOP and 

caspase-1. In chapter 5 we show Plin2 ablation alters the miRNA-biome and mitigates 

COX1 and COX2 expression post-transcriptionally by altering the levels of miRNAs-

1894 and -711. Key points from each chapter are highlighted in the sections below.   

 

CHAPTER 3: STRUCTURAL AND FUNCTIONAL ASSESSMENT OF PERILIPIN 2 
LIPID BINDING DOMAIN(S) 

 
 In chapter 3 we defined the structural regions of Plin2’s lipid binding pocket. Major 

findings in this study indicate that the N-terminal PAT domain, shared by Plin1, Plin2, 

Plin3 and Plin5, does not bind cholesterol or stearic acid. In addition, Plin2 residues 

119−251, containing helix α4, the α−β domain, and part of helix α6 form a Plin3-like 

cleft, critical for highest affinity lipid binding. Both stearic acid and cholesterol interact 

favorably with the Plin2 cleft formed by conserved residues in helix α6 and adjacent 

strands. We also demonstrate that Plin2 preferentially binds the pro-inflammatory lipid 

arachidonic acid with 2-fold higher affinity than DHA, a lipid known for its anti-

inflammatory properties. Thus, the work outlined in Chapter 3 reveals specific domains 
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responsible for Plin2−lipid interactions that are involved in the protein’s lipid binding and 

targeting functions. It is proposed that lipid binding in the binding pocket allows Plin2 to 

retain pro-inflammatory lipids on the lipid droplet surface.  

 

CHAPTER 4: LIVER-SPECFICI LOSS OF PERILIPN 2 ALLEVIATES DIET-INDUCED 
HEPATIC STEATOSIS, INFLAMMATION, AND FIBROSIS 

 
 In previous work, global ablation of Plin2 was shown to alleviate dietary-induced hepatic 

steatosis and adipose inflammation; however its role in the progression of hepatic inflammation 

remained unknown. To investigate this further, we challenged a novel Plin2 liver-specific 

knockout mouse and respective wild type controls with a methionine-choline-deficient diet to 

induce a NASH phenotype of increased hepatic triglyceride levels through impaired 

phosphatidylcholine synthesis and VLDL secretion. Results detailed in Chapter 4 demonstrated 

that wild type and liver specific Plin2 knock out mice fed the MCD diet exhibited signs of hepatic 

steatosis, fibrosis, and inflammation; however Plin2 ablation blunted the effects. Levels of PC 

and VLDL were unchanged and hepatic steatosis was reduced in Plin2 null mice fed the MCD 

diet, due in part to an increase in remodeling of PE to PC via the enzyme PEMT. Plin2 knockout 

mice also exhibited decreased hepatic expression of pro-inflammatory markers including COX2, 

IL-6, TNF, IL-1and reduced expression of ER stress proteins such as CHOP and cleaved 

caspase-1. Results support a PEMT-mediated mechanism that involves compensatory changes 

in proteins involved in PC remodeling, inflammation, and ER stress that work to alleviate diet-

induced NASH. Overall, these findings support a role for Plin2 as a target for NASH therapy. In 

the overall context of lipid droplet and Plin2 research, findings from chapter 4 also clarify the 

mechanism of reduced hepatic TG due to the absence of Plin2, (i.e., increased lipolysis that 

leads to increased -oxidation). 
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CHAPTER 5: PERILIPIN 2 DRIVES COX-MEDIATED INFLAMMATION THROUGH 
REGULATION OF MICRORNAS-1894 AND -711 

 Chapter 5 provides evidence that Plin2 ablation affects the miRNA-biome. In Plin2 

null livers, 6 miRNAs were significantly increased 3-fold or more. Two of these miRNAs 

(miRNAs -1894 and -711) were predicted to target genes associated with eicosanoid 

biosynthesis and inflammation. Luciferase reporter assays and Western blotting 

demonstrated that miRNAs-1894 and -711 directly target the 3’-UTR sites of COX1, 

COX2, and human PTGIS, respectively. LPS-induced inflammation decreased levels of 

miRNA-711 and significantly increased COX2. Conversely, levels of miRNA-1894 

increased, negatively affecting the expression of COX1. Co-IP assays and FRET 

imaging showed that Plin2 sequestered COX2 to the lipid droplet surface, an effect that 

was increased when inflammation was present. Collectively, in this study we 

demonstrate that lipid droplets are the site of eicosanoid production which can lead to 

propagation of the inflammation response. Plin2 impacts this process by actively 

recruiting COX enzymes to the lipid droplet surface, altering their expression post-

transcriptionally via miRNAs-1894 and -711. 

 

FUTURE WORK 

 The work embodied in this dissertation presents a new model for hepatic lipid droplet 

protein Plin2 in the development and progression of lipid-based inflammation. While the 

results outlined in this dissertation characterize the underlying mechanisms of Plin2 in 

hepatic steatosis and inflammation, future work will be needed to full understand the 

process.  Work will focus on elucidating the following three main points.  
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 First, the steps outlining VLDL assembly in the absence of Plin2 need to be 

investigated.  Specifically, what drives the steps between TG storage in Plin2 null lipid 

droplets and the creation of naïve VLDL particles should be explored. Little is known if 

the ablation of Plin2 creates smaller lipid droplets that are then targeted by VLDL 

assembly enzymes or if additional lipid droplet associated proteins are required to 

transform the lipid droplet into VLDL particles. In addition to VLDL assembly, the cross-

talk between Plin2 ablated hepatic tissue and WAT containing Plin2 needs to be 

examined. It is proposed that the increased secretion of VLDL particles observed in 

Plin2 null mice fed the MCD diet contribute to the blunted fat mass loss, however 

without an examination of the tissue cross-talk, minimal conclusions can be drawn.   

 The second major area is the characterization of Plin2-COX2 interactions. It is 

unknown which domains are responsible for Plin2-COX2 interactions, and how removal 

of one or multiple domains will affect the complex. Moreover, recent evidence suggests 

Plin2 undergoes post-translational modification during lipolytic stimulation (1, 2). It is 

proposed that under inflammation conditions, a similar post-translation modification may 

be present that activates the protein to recruit and stabilize Plin2-COX2 interactions. 

This last point however, is speculative as this aspect of Plin2 mediated inflammation 

was not investigated in the present study.  

 Finally, the lipid droplet proteome of Plin2 null lipid droplets should be characterized.  

The absence of Plin2 has been associated with blunted inflammation and increased 

lipolysis, yet it is unknown which proteins are lost or are increased on the lipid droplet 

surface when Plin2 is absent. A characterization of the Plin2 null lipid droplet proteome 
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may provide valuable insights into the VLDL assembly in the absences of Plin2, and the 

anti-inflammatory nature of Plin2 ablation.  
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