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Summary

Endothelial lipase (LIPG) plays a critical role in lipoprotein metabolism, cytokine expression, and 

the lipid composition of cells. Thus far, the extensive investigations of LIPG have focused on its 

mechanisms and involvement in metabolic syndromes such as atherosclerosis. However, recent 

developments have found that LIPG plays a role in cancer. This review summarizes the field of 

LIPG study. We focus on the role of LIPG in lipid metabolism and the inflammatory response, and 

highlight the recent insights in its involvement in tumor progression. Finally, we discuss the 

potential of targeting LIPG in therapeutic strategies.
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Introduction

Lipids are a category of macromolecules consisting of hydrophobic and amphipathic 

molecules that are divided into diverse groups based on structure, including: fatty acyls, 

glycerolipids, glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids, and 

polyketides (Fahy et al., 2009). Lipids play critical roles in maintaining cell homeostasis and 

regulating proliferation, apoptosis, inflammation, and membrane synthesis (Baumann et al., 
2013). Lipids are obtained through dietary intake or endogenous cell synthesis. After 

entering a cell, lipids go through intricate metabolic pathways, resulting in the synthesis or 

degradation of lipid signaling molecules and support of intercellular processes. These 

metabolic pathways are highly regulated and necessary to maintain cell homeostasis.

Complex lipids are made up of fatty acids, which are hydrophobic molecules characterized 

by their repeating methylene groups (Fahy et al., 2005). Fatty acids travel through the 
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bloodstream both freely and complexed in lipoproteins, molecules composed of a 

hydrophilic membrane containing phospholipids, apolipoproteins, and free cholesterol 

centralized around a hydrophobic core. This hydrophilic outer layer emulsifies highly 

hydrophobic lipid molecules, and transports them through the blood stream. Lipoproteins are 

divided into five categories based on relative density, which is determined by their size and 

composition of lipids and proteins. These classes include: chlyomicrons, very low density 

lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density lipoproteins 

(LDL), and high density lipoproteins (HDL). HDL has many anti-inflammatory and anti-

atherogenic properties such as its promotion of cholesterol efflux from cells in the artery 

wall, inhibition of adhesion molecules in endothelial cells, and suppression of LDL 

oxidation (Barter et al., 2004). Although the functional properties of HDL have a clear value 

for the development of anti-atherogenic therapies, the clinical impact of therapies that raise 

HDL levels is still uncertain. Therefore, the mechanisms that regulate the anti-inflammatory 

effects of HDL require further study.

In order for fatty acids to enter the cell, circulating lipoproteins must be hydrolyzed. 

Extracellular enzymes called lipases bind to lipoproteins and catalyze their hydrolysis, 

releasing their contents. Free fatty acids are then taken up by cells, where they can directly 

enter metabolic pathways or be stored for later use in intracellular structures called lipid 

droplets. The triglyceride (TG) lipase gene family plays a critical role in plasma lipoprotein 

metabolism, and includes the lipases lipoprotein lipase (LPL), hepatic lipase (HL), and 

endothelial lipase (LIPG). Endothelial lipase is of particular interest, as it has been 

demonstrated to be upregulated in inflammatory conditions such as atherosclerosis, and is a 

primary determinant of plasma HDL levels.

While the roles of lipids in the pathology of disease are still widely undefined, there is 

increasing evidence that deregulation of lipid metabolism and changes in intercellular lipid 

composition play an essential role in the initiation and progression of diseases such as 

atherosclerosis and cancer. LIPG is widely accepted to have an important functional role in 

atherosclerosis and inflammation, however its contribution to cancer cell energetics is still 

unknown. In this review, we will summarize the key findings of LIPG in lipid metabolism, 

its role in metabolic diseases and inflammation, and explore its potential therapeutic value in 

targeting cancer cell metabolism.

Structure of LIPG

Endothelial lipase is encoded by the LIPG gene, and is a member of the triglyceride lipase 

family. LPL is mainly synthesized by adipocytes, skeletal muscle cells, and cardiac muscle 

cells, and HL is found in the liver. In contrast, LIPG is primarily synthesized by vascular 

endothelial cells (Jaye et al., 1999). It is abundantly expressed in tissues with high metabolic 

rates and vascularization, including the liver, lung, kidney, thyroid, ovary, testis, and placenta 

(Hirata et al., 1999; Jaye et al., 1999). LIPG is synthesized as a 55 kDa protein, and after 

post-translational glycosylation is secreted from the cell as a 68 kDa protein. After secretion, 

LIPG binds to proteoglycans on the cell surface where it exerts its function (Broedl et al., 
2003). Outside the cell, it may undergo further cleavage by proprotein convertases, resulting 
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in inactive N-terminal 40 kDa and C-terminal 28 kDa products (Jaye et al., 1999; Jin, Sun, et 
al., 2003; Miller et al., 2004; Gauster, Hrzenjak, et al., 2005).

The tertiary structure of LIPG has yet to be discovered. However, amino acid sequence 

alignments of LIPG with closely related TG lipase family members reveal a shared identity 

of 44% with LPL, 41% with HL, and 27% with pancreatic lipase (PL). All four enzymes 

share a similar catalytic region, with full conservation of the catalytic triad consisting of 

Serine 169, Aspartic Acid 193, and Histidine 274, which is necessary for lipid hydrolysis 

(Hirata et al., 1999; Jaye et al., 1999). Additionally, there is conservation of 10 cysteine 

residues involved in disulfide bond formation, as well as two hydrophobic stretches on both 

ends of the catalytic triad that may be necessary for substrate binding (Hirata et al., 1999). 

Much like other TG lipases, the LIPG protein sequence begins with a secretory signal 

peptide consisting of an 18-residue hydrophobic region. The conserved positively charged 

heparin binding sites in LIPG govern its binding to heparin sulphate proteoglycans on the 

cell surface, aided by five glycosylation sites indicated by the universal acceptor sequence: 

Asn-X-(Ser/Thr). These similarities suggest that there is a high level of structural and 

functional conservation within the TG family (Hirata et al., 1999; Jaye et al., 1999). The 

primary difference between LIPG and its TG lipase family members lies within the amino 

acid loop or “lid” region covering the catalytic site and governing substrate specificity (Dugi 

et al., 1992; Hirata et al., 1999; Jaye et al., 1999; Griffon et al., 2006). This structural 

difference indicates that contrary to the primary triglyceride lipase functions of LPL and HL, 

LIPG predominantly functions as a phospholipase, but maintains low levels of triglyceride 

lipase activity (McCoy et al., 2002).

LIPG possesses three unique splice isoforms, endothelial-derived lipases (EDL) 1a, 2a, and 

2b (Ishida, Zheng, et al., 2004). EDL1a is the predominant 68 kDa full-length glycosylated 

form (500 amino acids), whereas 2a and 2b result from alternative splicing of the full-length 

gene. EDL2a is a truncated 480 amino acid version of the full-length isoform, which no 

longer contains the secretory signal peptide at the 5′ end. In comparison, the 346 amino acid 

long EDL2b isoform has a similar sequence to EDL2a, but has a 74 amino acid deleted 

region, which includes the amino-terminal portion of the lid region and the catalytic 

Asparagine residue. All three isoforms contain the GXSXG lipase motif and hydrophobic 

clusters. Studies by Ishida et al. revealed that 1a (68 kDa) was primarily found in the culture 

medium and to a lesser extent in the cell lysate, while the 2a (46 kDa) and 2b (38kDa) 

isoforms were only detected in the cell lysate, and localized in the cytosol. Importantly, 

assessment of the metabolic function of the isoforms found that only the full-length 1a 

isoform has high phospholipase and low triglyceride lipase activity, while 2a and 2b showed 

no significant enzymatic activity as compared to control cells. Therefore, due to the lack of 

the secretory peptide, EDL 2a and 2b splice variants are not secreted from the cell and do 

not possess lipase activity.

While the full-length protein is catalytically active by itself, LIPG commonly forms a head-

to-tail homodimer prior to secretion (Griffon et al., 2009). Dimerization appears to both 

enhance LIPG activity and stabilize it from inactivation by proprotein convertases. 

Convertase cleavage results in N-terminal 40 kDa and C-terminal 28 kDa isoforms, 

separating the catalytic site from the substrate-binding region necessary for LIPG to bind to 
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lipoproteins. Dimerized LIPG is more resistant to cleavage, and when cleaved can maintain 

partial activity (Gauster, Hrzenjak, et al., 2005; Griffon et al., 2009).

Enzymatic and Non-Enzymatic Functions of LIPG

The primary function of LIPG is its involvement in HDL metabolism. LIPG overexpression 

in transgenic mice dramatically reduced the serum concentration of HDL cholesterol (HDL-

C) and apo A-I, while marginally reducing VLDL/LDL cholesterol levels (Jaye et al., 1999; 

Ishida et al., 2003). Conversely, antibody-directed inhibition of mouse LIPG activity in wild-

type, apo A-transgenic, and HL-knockout mice resulted in a significant increase in HDL 

cholesterol and phospholipid levels, which was attributed to increased HDL particle size and 

reduced HDL phospholipid clearance (Jin, Millar, et al., 2003). Additionally, HDL 

cholesterol levels were significantly increased in LIPG knockout mice (Ishida et al., 2003; 

Ma et al., 2003). Therefore, it was observed that HDL is the preferred substrate of LIPG, but 

LIPG is still capable of hydrolyzing apo B-containing lipoproteins (VLDL/LDL) (McCoy et 
al., 2002; Broedl et al., 2004). In fact, Broedl et al. demonstrated that LIPG reduces the 

serum concentration of VLDL cholesterol, LDL cholesterol, phospholipids, and apo B in 

atherosclerosis-prone mouse models with elevated apo B-containing lipoproteins (Broedl et 
al., 2004). These data suggest that in addition to its role in HDL metabolism, LIPG may also 

contribute to VLDL and LDL metabolism.

Unlike its TG lipase family members, LIPG primarily functions as a phospholipase with 

minor triglyceride lipase activity. Hirata et al. observed the phospholipase activity of LIPG 

by incubating LIPG-overexpressing COS7 cells in the presence of phosphatidylcholine (PC) 

labeled at the sn-1 position, and measuring the level of free fatty acids released into the 

supernatant (Hirata et al., 1999). The LIPG-overexpressing cell supernatant had a two-fold 

increase in free fatty acid levels as compared to control supernatant, signifying its ability to 

hydrolyze apo A-I phospholipids like PC at the sn-1 position. Additionally, McCoy et al. 

confirmed the primary phospholipase activity and secondary triglyceride lipase activity by 

incubating conditioned medium from LIPG-overexpressing COS7 cells with either 

radiolabeled-dipalmitoylphosphatidylcholine (DPPC) or 2 triglyceride substrates: tributyrin 

and triolein (McCoy et al., 2002). Their studies found that although LIPG has triglyceride 

lipase activity, the ratio of triglyceride lipase to phospholipase activity was 0.65.

Through its catalytic activity, LIPG cleaves lipoproteins, liberating the free fatty acid lipid 

precursors. These can then be taken up by the cell and incorporated into endogenous lipids 

(Figure 1A). It was shown that in LPL-deficient mouse adipose tissue LIPG is upregulated, 

serving to increase the tissue supply of HDL-PC-derived fatty acids (Kratky et al., 2005). 

Strauss et al. showed that LIPG cleavage of HDL-PC supplies cells with non-esterified fatty 

acids (NEFA) for the biosynthesis of lipids (Strauss et al., 2003). Gauster et al. expanded 

these studies by reporting the ability of LIPG to release unsaturated and saturated fatty acids 

from HDL-PC through its sn-1 phospholipase A1 and lysophospholipase activity. These 

fatty acids are then used in the catabolism of endogenous lipids such as triglycerides and 

phospholipids (Gauster, Rechberger, et al., 2005). Additionally, released free fatty acids 

from HDL by LIPG hydrolysis can then mediate the detachment of LIPG from the cell 

surface (Strauss et al., 2002).
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To examine the effect of LIPG on cell lipid composition, Riederer et al. overexpressed LIPG 

in human aortic endothelial cells (HAEC) and examined the extra- and intracellular lipid 

fractions. LIPG overexpression resulted in increased levels of extracellular 

lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) found in the 

culture medium, as well as increased intracellular levels of PC, LPC, and TG (Riederer et 
al., 2012). Riederer et al. concluded that LIPG supplies cells with HDL-derived LPC and 

LPE, which results in increased cellular TG and PC and decreased endogenous PC synthesis. 

Additionally, intracellular lipid composition was unaltered in the absence of HDL, further 

confirming the role of LIPG in HDL metabolism.

In addition to supporting cell metabolism, LIPG can promote the anti-inflammatory function 

of HDL in certain contexts. Ahmed et al. found that the hydrolysis of HDL by LIPG 

activates PPARα, which inhibits vascular cell adhesion molecule 1 (VCAM-1) expression in 

LIPG-overexpressing endothelial cells. This led to the suppression of leukocyte adhesion to 

the endothelium (Ahmed et al., 2006).

Interestingly, LIPG has also been shown to exert non-catalytic functions that are independent 

of its enzymatic activity (Figure 1B). Strauss et al. demonstrated the ability of LIPG to 

facilitate the binding and uptake of HDL holoparticles, and the selective uptake of HDL-

cholesterol esters (CEs) in HepG2 cells (Strauss et al., 2002). In fact, inactivating LIPG 

enzyme activity through tetrahydrolipstatin (THL) treatment or overexpression of a mutant 

LIPG construct actually increased the binding and uptake of holoparticles, demonstrating 

that this is not dependent on the catalytic activity of LIPG. LIPG can also mediate the 

binding and uptake of apo A-I (i.e. HDL), and apo B (i.e. VLDL and LDL) containing 

plasma lipoproteins. This process is dependent on heparin sulfate proteoglycans (HSPGs) on 

the cell membrane, which bind to LIPG. In this way, LIPG serves as a bridging molecule 

between plasma lipoproteins and cells (Strauss et al., 2002; Fuki et al., 2003). LIPG is more 

efficient at bridging VLDL and LDL than HDL, and while binding of VLDL and LDL 

results in their uptake and degradation, binding of HDL does not, and the HDL is eventually 

released back into the medium (Fuki et al., 2003). This is due to endocytosis by HSPGs 

being dependent on their clustering by large ligands (i.e. lipoproteins). Therefore, the 

relatively larger surface area of the LDL particle may be more efficient at clustering HSPGs 

than smaller HDL particles (Fuki et al., 2003).

These findings demonstrate that LIPG has a multitude of crucial functions in the metabolism 

and uptake of extracellular lipids. LIPG facilitates the clearance of HDL from circulation, 

influences the intracellular and extracellular lipid profile, and provides lipid precursors for 

lipid synthesis. Accordingly, expression of LIPG is inversely correlated with plasma levels 

of HDL-Cholesterol (HDL-C). LIPG knockout mice have been shown to have increased 

fasting plasma HDL-C levels (Jaye et al., 1999; Ishida et al., 2003). Since high levels of 

HDL-C have been implicated as protective against cardiovascular disease, reduction of LIPG 

is an appealing therapeutic strategy.
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Regulation of LIPG Biogenesis, Expression, and Activity

Functional Effects of Post-Translational Modifications on LIPG

Following translation, LIPG must undergo several post-translational modifications to 

become functional. First, the LIPG protein is glycosylated at 5 sites, increasing the 

molecular weight of the mature protein from 55 kDa to 68 kDa. Two of the glycosylation 

sites of LIPG (N60 and N373) are conserved in HL and LPL, while the remaining three 

(N116, N449, and N471) are unique. When cells were treated with glycosidases, LIPG was 

reduced from the full-length 68 kDa protein to 55 kDa, and LIPG was unable to leave the 

cell (Miller et al., 2004). To identify the role of each glycosylation site, Miller et al. 
performed site-directed mutagenesis of the glycosylation sites. This revealed that with the 

exception of N449, all glycosylation sites were necessary for LIPG secretion or catalytic 

activity. N60 was shown to be critical for LIPG secretion, but did not significantly alter 

LIPG activity. In contrast, mutated N116 significantly increased phospholipase activity, and 

mutated N373 reduced lipase activity, but neither affected the secretion of LIPG. Follow up 

studies revealed that glycosylation at N116 reduces the ability of LIPG to hydrolyze lipids in 

LDL and HDL2 (Brown et al., 2007).

LIPG homodimerization greatly increases the activity and stability of LIPG outside the cell. 

The endoplasmic reticulum (ER) membrane protein lipase maturation factor 1 (LMF1) was 

previously shown to be important for the post-translational maturation of lipases including 

HL and LPL. Therefore, Ben-Zeev et al. examined whether LMF1 was necessary for LIPG 

biogenesis (Ben-Zeev et al., 2011). When a loss-of-function LMF1 mutation was induced, 

cells were unable to generate active LIPG. Because LMF1 is specific for dimeric lipases, it 

is likely that it aids in the proper assembly or stabilization of the LIPG homodimer (Doolittle 

et al., 2010).

Mechanisms of Innate Regulation of LIPG Expression

Once mature LIPG is formed, its activity and substrate specificity is governed by 

sphingomyelin, a major phospholipid in lipoproteins. Yang et al. reported that 

sphingomyelin is a physiologic inhibitor of LIPG. They showed that spingomyelin inhibits 

LIPG hydrolysis of PC at the sn-1 position of lipoproteins (Yang et al., 2014). Furthermore, 

LIPG showed a higher hydrolysis for HDL-PC over LDL-PC, and inhibition of 

sphingomyelin abrogated this difference. Therefore, the higher concentration of 

sphingomyelin in VLDL and LDL may explain the specificity of LIPG for HDL.

Given that LIPG regulates the catabolism of HDL, which has anti-inflammatory and anti-

oxidant functions, researchers have characterized the regulation of inflammatory signaling 

on LIPG expression. It was shown that tumor necrosis factor-alpha (TNF-α) and 

interleukin-1 beta (IL-1β) can induce LIPG mRNA and protein expression in endothelial 

cells, and inhibition of the NFκB-pathway abrogated this induction (Hirata et al., 2000; Jin, 

Sun, et al., 2003). Studies by Kempe et al. further demonstrated that TNF-α induces 

recruitment of the NFκB transcription factors RelA/p65 to the LIPG promoter (Kempe et al., 
2005). Additionally, angiotensin II (AngII) and phorbol 12-myristate 13-acetate (PMA) 

induce LIPG mRNA and protein expression in vascular smooth muscle cells of hypertensive 
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rats, which may be dependent on NFκB and MAPK signaling pathways (Shimokawa et al., 
2005; Zhang et al., 2014).

Multiple studies have examined how LIPG can regulate lipids, however very few have 

demonstrated how lipids can regulate LIPG expression and the inflammatory response. 

While investigating the roles of fatty acids and LIPG in inflammation, Jung et al. found that 

the saturated fatty acid palmitic acid (PA) can induce expression of LIPG in macrophages 

and mouse models (Jung et al., 2012). In contrast, the PUFA eicosapentaenoic acid (EPA) 

was able to decrease LIPG expression. The regulation of LIPG by fatty acids has important 

ramifications in inflammatory diseases, because saturated fatty acids have been implicated 

as pro-atherogenic and pro-inflammatory, while polyunsaturated fatty acids (PUFA) (i.e.: 

omega-3 fatty acids) are anti-inflammatory. It was further shown that in addition to LIPG 

expression changes, PA increased expression of the pro-atherogenic transcription factor 

peroxisome proliferator activated receptor-gamma (PPAR-γ), and decreased expression of 

the anti-inflammatory cytokine interleukin-10 (IL-10) in macrophages. EPA had the opposite 

effect, resulting in downregulation of PPAR-γ, increased expression of IL-10, and decreased 

expression of pro-inflammatory cytokines IL-6 and IL-12. Jung et al. confirmed these 

findings in vivo, using atherosclerosis prone low density lipoprotein receptor (LDLR) 

knockout mice fed a diet rich in saturated fats or omega-3 fat. When mice were fed a diet 

rich in saturated fat, they observed increased arterial expression of LIPG and pro-

inflammatory markers, and decreased expression of anti-inflammatory markers compared to 

omega-3 fed mice. Therefore, it is likely that diets rich in saturated fats, in contrast to diets 

rich in omega-3 PUFA, can contribute to high LIPG expression and pro-inflammatory 

conditions that promote atherogenesis. However, the function of LIPG in these findings is 

not fully understood.

Functional Role of LIPG in Chronic Inflammatory Diseases

LIPG in Human Chronic Inflammatory Diseases

Several studies have attempted to define the role of LIPG in human metabolic syndromes 

such as obesity and coronary heart disease. Badellino et al. reported the association of high 

plasma LIPG levels with some symptoms of the metabolic syndrome and obesity, such as 

low HDL-C concentration, increased triglyceride serum-concentration, high fasting glucose, 

and hypertension (Badellino et al., 2006). Additionally, plasma levels of LIPG correlate with 

inflammatory markers. In a study examining healthy sedentary men, high LIPG expression 

was found to correlate with increased plasma expression of inflammatory markers C-reactive 

protein (CRP), interleukin 6 (IL-6), and plasma secretory phospholipase A(2) type IIA 

(sPLA2-IIa) (Paradis et al., 2006). Moreover, in a large cohort of healthy subjects with a 

history of family coronary artery disease, high LIPG expression positively correlated with 

pro-inflammatory markers: CRP, IL-6, tumor necrosis factor receptor II (TNFRII), soluble 

intercellular adhesion molecule, and leptin, while being conversely associated with 

adiponectin, an anti-inflammatory factor (Badellino et al., 2008). In support of these 

findings, the study induced endotoxemia in subjects by low intravenous doses of LPS, and 

observed an increase in LIPG concentration, and a decrease in HDL phospholipid levels.
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High LIPG serum concentrations have also been seen in type 2 diabetic patients and patients 

with chronic subclinical inflammation (Shiu et al., 2008; Shiu et al., 2010). These studies 

found that low HDL levels and subclinical inflammation were associated with reduced 

serum capacity to induce cholesterol efflux in diabetic patients. High LIPG concentration 

had a weak but significant association with impaired cholesterol efflux. However since LIPG 

activity was not measured, one cannot exclude the possible causal role of LIPG.

The Role of LIPG in Macrophages

LIPG can contribute to inflammatory conditions by aiding in the adhesion of monocytes to 

the endothelium through interaction with heparan sulfate proteoglycans (Kojma et al., 2004). 

Furthermore, LIPG was overexpressed in the diseased aorta of apo E knockout mice, which 

is likely due to an increase in infiltrating macrophages (Ishida, Choi, et al., 2004).

Polyinosinic:polycytidylic acid (poly I:C) and lipopolysaccharide (LPS) have been shown to 

induce LIPG expression via activation of toll-like receptor 3 and 4 respectively (TLR3/4) in 

macrophages. Induction of LIPG led to downregulation of anti-inflammatory IL-10 and 

upregulation of pro-inflammatory interleukin-12 (IL-12) in macrophages (Wang et al., 2007; 

Yasuda et al., 2007). Knockdown of LIPG in THP-1 macrophages decreased secretion of 

pro-inflammatory cytokines: IL-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), and 

TNF-α. In addition to these anti-inflammatory effects, decreased LIPG expression affected 

intracellular lipid composition by reducing levels of cholesterol, triglycerides, and LPC, 

while increasing PC and other phospholipids (Qiu et al., 2007). Further studies found that 

LIPG promotes apo A-I-mediated cholesterol efflux in THP-1 macrophages, which is 

dependent on its hydrolytic and lipoprotein bridging functions (Qiu & Hill, 2009).

The Role of LIPG in Atherogenesis

LIPG expression has been demonstrated to have an important role in the pathogenesis of 

atherosclerosis through its inverse relationship with HDL. Studies in apo E knockout mice 

showed that LIPG knockdown modestly increases HDL-C levels, yet dramatically decreases 

the atherosclerotic plaque area compared to control apo E knockout mice (Ishida, Choi, et 
al., 2004). However, another group was unable to confirm the correlation between LIPG 

expression and atherosclerosis development (Ko et al., 2005). Ko et al. demonstrated that 

LIPG deficiency in apo E knockout mice and LDLR knockout mice fed a western diet, did 

not have a significant difference in atherosclerotic lesion areas compared to controls. 

However, it was confirmed in both mouse models that LIPG deficiency results in increased 

HDL-C levels. Therefore, although LIPG clearly affects HDL-C levels, its role in 

atherogenesis is still unclear.

It was further established that IL-6 dependent induction of LIPG stimulates the translocation 

of HDL through the endothelium, which is the first step in reverse cholesterol transport 

(Robert et al., 2013). According to these findings, upregulation of EL in inflammatory states, 

including atherosclerosis and the metabolic syndrome, may contribute to the low HDL-C 

levels seen in these conditions.
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The Role of LIPG in Bronchial Asthma

Although LIPG is highly expressed in the lung, its function in this organ is poorly 

understood. Because the anti-inflammatory properties of HDL have potentially far-reaching 

effects in other chronic inflammatory diseases, Otera et al. evaluated the role of LIPG and 

HDL in allergic asthma. Their studies found that infiltration of inflammatory cells such as 

eosiniphils into the vessel wall, aided by cell adhesion proteins like VCAM-1 is one of the 

major mechanisms of bronchial asthma progression. During eosinophilic inflammation, 

LIPG expression is upregulated in epithelial cells, alveolar type II cells, and lung endothelial 

cells (Otera et al., 2009). Otera et al. demonstrated with an in vitro adhesion assay that LIPG 

expression on the cell surface of COS7 cells promoted the binding of eosinophils. 

Inactivation of LIPG reduced the allergic inflammatory response, decreased VCAM-1 

expression, and inhibited the ligand-binding function of LIPG. Therefore, their studies 

support the contributing role of LIPG to the progression of bronchial asthma.

LIPG Inhibition Enhances Anti-Inflammatory Effects of HDL

Given the above studies, it is clear that a selective inhibitor against LIPG would be a useful 

therapeutic tool to regulate HDL-C metabolism. Hara et al. examined the effect of LIPG 

expression on HDL function. HDL particles isolated from LIPG deficient mice have 

enhanced anti-inflammatory properties with increased HDL phospholipid and fatty acid 

levels compared to wild-type mice (Hara et al., 2011). Additionally, HDL particles from 

LIPG deficient mice possessed a higher LPS-neutralizing capacity, and maintained HDL 

properties of inhibition of VCAM-1 expression, suppression of LDL oxidation, cholesterol 

efflux, and activity of HDL-associated anti-oxidative enzymes (i.e. PON-1 and PAF-AH) 

compared to wild-type mice. Therefore, targeted inhibition of LIPG would raise HDL levels 

with preserved anti-inflammatory functions.

LIPG Contributes to the Metabolic Reprograming of Cancer Cells

Cancer initiation and progression result from the accumulation of genetic mutations and 

epigenetic modifications, alterations of molecular signaling networks, and reprograming of 

metabolic pathways. These driving factors disrupt cell homeostasis and result in the 

development of oncogenic characteristics combined with the loss of protective mechanisms. 

One of the most important drivers of cancer is uncontrolled proliferation, resulting from 

constitutive growth signaling and silencing of growth suppressors and immune regulators 

(Hanahan & Weinberg, 2011). Cells undergoing rapid growth and proliferation require 

significant amounts of energy, drawn from the production of biosynthetic precursors such as 

ATP, nucleotides, amino acids, and lipids. While cancer cells have been demonstrated to 

exhibit metabolic dysregulation, the complete mechanisms that grant cancer cells the energy 

to sustain rapid growth and proliferation are still poorly understood. Research has largely 

focused on the balance of aerobic and anaerobic oxidation as detailed in the Warburg Effect 

and Hypothesis (Koppenol et al., 2011). However, due to the high level of energy contained 

within fatty acids, it is possible that they play a significant role in supporting the 

reprogramming of cancer cell energetics (Santos & Schulze, 2012; Carracedo et al., 2013). 

For example, adipocytes have been shown to provide ovarian cancer cells with fatty acids for 

rapid tumor growth (Nieman et al., 2011). Therefore, given the role of LIPG in supplying 
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lipid precursors such as fatty acids to cells, it is likely that LIPG plays a fundamental role in 

cancer cell metabolism.

Very little research has explored the contribution of LIPG to the transformation of non-

neoplastic cells and development of cancer. High LIPG mRNA and protein expression have 

been reported in testicular pre-invasive carcinoma in situ and testicular germ cell tumors, 

which may promote the supply of nutrients or provide cholesterol for the production of 

testosterone in the testes (Nielsen et al., 2010). Conversely, Dong et al. found an average 9.9-

fold decrease of LIPG expression in the urine samples of gastric cancer patients compared to 

healthy control volunteers, establishing LIPG as a statistically significant biomarker for 

gastric cancer (Dong et al., 2013). However, they did not detect a correlation between LIPG 

expression and tumor grade or stage. With respect to breast cancer, Cadenas et al. studied 

alterations in gene expression following the induction of ErbB2 expression in the luminal 

breast cancer cell line MCF7. Through gene array analysis they identified the upregulation 

of many enzymes involved in lipid metabolism, including LIPG, in ErbB2-overexpressing 

MCF7 cells (Cadenas et al., 2012). Furthermore, cell free DNA derived from colon tumor 

epithelium induced LIPG mRNA expression in human colorectal adenocarcinoma cells 

HT29 (Fűri et al., 2015).

While these papers examined expression of LIPG in cancer samples, they did not investigate 

the function of LIPG in cancer. This was recently rectified by Slebe et al., when they 

investigated the mechanisms of LIPG on lipid metabolic adaptations in breast cancer (Slebe 

et al., 2016). Slebe et al. reported that the FoxA transcription factors, which are implicated in 

metabolic regulation, induce LIPG expression. They further demonstrated the dependence of 

breast cancer cells on extracellularly-derived lipid precursors supplied by LIPG for 

intracellular lipid production. LIPG downregulation suppressed breast cancer cell 

proliferation, and decreased the level of intracellular glycerolipid intermediates involved in 

TG synthesis such as PC, phosphatidylethanolamine, and phosphatidylglycerol, and their 

derivatives LPC and LPE. Their studies indicate the crucial role of LIPG in supporting the 

increased proliferation and high-energy demands of breast cancer cells.

In addition to its regulation of cell proliferation, LIPG has been found to be involved in 

HDL-induced angiogenesis. HDL lipoproteins contain sphingosine-1-phosphate (S1P), 

which is implicated in the vascular response and acts as a substrate for spingosine-1-

phosphate receptors (S1PR) on endothelial cells (Rosen et al., 2013). LIPG hydrolysis of 

HDL releases and activates S1P, which binds to S1PR and promotes phosphorylation of 

protein kinase B (AKT) and endothelial nitric oxide synthase (eNOS). This leads to 

endothelial cell migration, tube formation, and angiogenesis (Tatematsu et al., 2013). This 

presents an additional mechanism of how LIPG could contribute to tumor angiogenesis.

It has been well established that the tumor microenvironment contains a wide variety of 

factors that contribute to cancer initiation and progression (Quail & Joyce, 2013). 

Adipocytes within the breast cancer microenvironment secrete adipokines such as leptin and 

IL-6, which can activate the epithelial-mesenchymal transition (EMT) and stem cell 

signaling through Janus kinase 2/signal transducer and activator of transcription 5 (JAK2/

STAT5) (Wolfson et al., 2015). High LIPG expression correlated with increased levels of 
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pro-inflammatory markers IL-6 and leptin, and IL-6 was shown to induce LIPG expression 

(Badellino et al., 2008; Robert et al., 2013). Therefore, it is possible that adipokine signaling 

by IL-6 and leptin could promote LIPG expression and activity, and targeting LIPG would 

present a method of preventing pro-tumor cancer cell-microenvironment crosstalk and 

signaling.

Finally, it has been demonstrated that the transcription factor NFκB binds to the LIPG 

promoter, activating LIPG transcription (Kempe et al., 2005). Constitutive activation of 

NFκB is a frequent oncogenic event, and NFκB is essential in tumor initiation and 

development due to its control of inflammation, survival, differentiation, and proliferation 

pathways (Hoesel & Schmid, 2013). LIPG was predicted to have two κB binding sites in the 

5′ region upstream of the transcription start site at -467 (proximal) and -1250 (distal). While 

RelA/p65 binds both sites, only the distal site demonstrated strong binding by NFκB, with 

the proximal site exhibited weak binding. As LIPG expression is promoted by the 

inflammatory signals that also activate NFκB, NFκB could play a crucial role in the 

induction of LIPG-mediated tumorigenesis. This could be an important mechanism for the 

oncogenic impact of constitutive NFκB signaling, as LIPG may promote cancer 

inflammation, angiogenesis, and proliferation. These data demonstrate the need for further 

investigation on the role of LIPG in cancer, and its potential significance as a novel drug 

target (Figure 2).

LIPG-Inhibiting Drugs

Due to the anti-inflammatory effects resulting from LIPG inactivation, several compounds 

have been developed to target LIPG. One such compound, Atvorastatin, was examined for 

its effect on LPL and LIPG expression in THP-1 macrophages. Atvorastatatin was shown to 

decrease LIPG expression through modulation of NFκB, and also decrease LPL through 

liver X receptor alpha (LXRα) (Qiu & Hill, 2007). Sulfonylfuran urea inhibitors designed by 

Goodman et al. and boronic acid inhibitors designed by O'Connell et al. have also 

demonstrated potency for LIPG, however both studies struggled to create compounds that 

specifically targeted LIPG (Goodman et al., 2009; O'Connell et al., 2012). Finally, the 

anthranilic acid XEN445 was reported to be highly selective for LIPG over HL and LPL, 

and exhibits high potency against LIPG (Sun et al., 2013). In addition, XEN445 

administration was able to increase plasma HDL-C levels in wild-type mice. Further studies 

are necessary for optimization and to determine its efficacy in disease models before clinical 

evaluation.

Conclusion

Given the evidence presented in this review, it is clear that LIPG plays an essential role in 

regulating lipid metabolism and the inflammatory response. Hydrolysis of HDL by LIPG 

decreases HDL-C levels, which promotes inflammation through multiple mechanisms such 

as adhesion of monocytes to the endothelium through downregulation of adhesion molecule 

VCAM-1, and upregulation of pro-inflammatory factors IL-6 and IL-12. Furthermore, LIPG 

activity provides extracellular lipid precursors for intracellular lipid biosynthesis, which 

contributes to cell growth and proliferation. Therefore, in addition to its potential therapeutic 
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role in metabolic diseases like atherogenesis and diabetes, LIPG poses an exciting and new 

opportunity for cancer therapy. Targeting LIPG could alter multiple pathways that contribute 

to cancer initiation and progression such as cell proliferation, angiogenesis, energetics, and 

inflammation. The far-reaching actions of LIPG could create a potent tumor suppressive 

response through its inactivation. Therefore, further elucidation on the role of LIPG in 

tumorigenesis could unlock its therapeutic potential.
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Figure 1. Enzymatic and Non-Enzymatic Functions of LIPG
A) LIPG bound to the cell surface hydrolyzes extracellular HDL, releasing lipid precursors 

such as fatty acids and LPC/LPE. These lipid precursors are then taken up by the cell and 

used for the biosynthesis of lipids, contributing to multiple cellular processes. B) 
Independent of its enzymatic activity, LIPG serves as a bridging molecule between 

lipoproteins (HDL/LDL/VLDL) and heparin-sulfate proteoglycans (HSPGs) on the cell 

surface. This facilitates the internalization of HDL, LDL, and VLDL particles into the cell 

via endocytosis, leading to their catabolism, supplying the cell with the lipid precursors 

necessary for lipid biosynthesis. While LIPG promotes the binding and uptake of all 

lipoprotein species, LDL and VLDL are internalized more efficiently than HDL particles. 

Through this mechanism, LDL and VLDL provide lipid precursors to the cell, however the 

majority of HDL particles are bound and released without internalization. This figure was 

produced using Servier medical art, available from http://www.servier.com/Powerpoint-

image-bank.
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Figure 2. The Potential Oncogenic Roles of LIPG
A) LIPG expression may be activated through microenvironmental crosstalk and signaling 

induced by adipokines such as IL-6 and leptin. B) Lipid precursors supplied to the cell 

through LIPG-mediated cleavage of HDL can promote proliferation and growth in cancer 

cells. C) LIPG catalysis of HDL releases Sphingosine-1-phosphate (S1P), which binds to 

sphingosine-1-phosphate receptors resulting in the phosphorylation and activation of Akt 

and eNOS. These pathways have been shown to promote endothelial cell migration, tube 

formation, and angiogenesis. D) Inflammatory signals can induce NFκB-mediated activation 

of LIPG transcription, which may have major implications in cancer development and 

progression. This figure was produced using Servier medical art, available from http://

www.servier.com/Powerpoint-image-bank.
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