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ABSTRACT 

 

Roles of peroxisomes in the regulation of fasting-induced 

lipolysis 

 

Jinuk Kong 

 

For energy homeostasis, fasting induces numerous physiological changes 

including breakdown of lipid metabolites to generate energy sources. Lipolysis, the 

hydrolysis of triacylglycerols into free fatty acids and glycerols, takes place on the 

surface of lipid droplets (LDs). LDs are one of key subcellular organelles for the 

regulation of lipid metabolism. LDs cooperate and communicate with neighboring 

subcellular organelles through physical contacts to coordinate cellular metabolism. 

However, it remains elusive whether such physical contacts between subcellular 

organelles and LDs might be involved in lipolysis. 

Here, I report that peroxisomes play crucial roles in mediating fasting-

induced lipolysis. The physical interaction between peroxisomes and LDs was 

elevated by fasting stimuli, resulting in lipolysis. In adipocytes, the motor protein 

KIFC3 mediated microtubule-dependent movement of peroxisomes toward LDs, 

leading to facilitate spatial translocation of adipose triglyceride lipase (ATGL) onto 

LDs.  

As lipolysis is delicately controlled for energy homeostasis, the 

subcellular localization of lipases needs to be tightly and sophisticatedly modulated 
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by nutritional states in order to mediate fine-tuned lipolysis. In this study, I reveal 

that peroxisomal protein PEX5 has an evolutionarily well conserved role in 

peroxisome-mediated ATGL translocation onto LDs upon fasting. In C. elegans, 

PRX-5, an ortholog of mammalian PEX5, was required for ATGL-1 mediated 

lipolysis. In addition, I observed that PEX5 interacted with ATGL, which was 

further elevated by fasting signals, such as protein kinase A (PKA) activation, and 

PEX5 escorted ATGL to the contact points between peroxisomes and LDs. In 

accordance with these, adipocyte-specific PEX5-knockout (PEX5 AKO) mice were 

defective in recruiting ATGL onto LDs and attenuated fasting-induced lipolysis.  

Collectively, these data suggest that physical interaction between 

peroxisomes and LDs would provide a place for spatiotemporal translocation of 

lipase, which is escorted by PEX5 upon fasting, to maintain energy homeostasis. 
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Ⅰ. Introduction 

 

1. The regulation of lipolysis 

1) The roles of adipocytes in maintaining energy homeostasis 

Living organisms need the energy to carry out biological processes. For 

energy homeostasis in living organisms, the balance between energy store and 

energy expenditure needs to be appropriately regulated. Unlike plants, animals can 

only take energy sources by metabolizing nutrient molecules. When food is 

abundant, animals use energy sources taken from feeding. However, when food is 

insufficient, animals generate energy sources from stored tissues to meet the energy 

demand. Accordingly, securing a biological mechanism to cope with a nutrient-

poor situation in an animal is very crucial for survival.  

 Living organisms have evolved to have specialized cells or organs to 

store excess nutrients in the form of lipid droplets (LDs) because lipids have higher 

calories than other nutrients (Choe et al., 2016). In vertebrates, the adipose tissue 

functions as a professional energy reservoir (Birsoy et al., 2013). The adipocyte, 

the major cell type in adipose tissue, stores excess energy in LDs primarily with 

triacylglycerols (TGs) (Walther and Farese, 2012). Under physiological conditions, 

adipocytes influence energy homeostasis through maintaining the balance between 

TG synthesis and breakdown in response to energy status. When the energy 

demand increases, such as fasting, stored TGs in LDs are metabolized by their 

hydrolytic cleavage, called lipolysis, and the resulting free fatty acids (FFAs) and 

glycerols are delivered to peripheral tissues for fatty acid oxidation and ATP 



2 

production. As TGs are not able to pass through biological membranes, they need 

to be cleaved by TG hydrolases, termed lipases, before entering or exiting cells 

(Young and Zechner, 2013). In addition, transported FFAs into non-adipose tissues 

are processed to be TGs. While adipocytes actively release FFAs and supply them 

as an energy substrate, non-adipose cells do not secrete FFAs but utilize absorbed 

FFAs in a cell-autonomous manner for energy production (Zechner et al., 2012). 

 

2) Biochemical processes in lipolysis 

Lipolysis requires serial biochemical processes to complete the hydrolysis 

of TG into FFAs and glycerols. Adipose triglyceride lipase (ATGL), hormone 

sensitive lipase (HSL), and monoacylglycerol lipase are lipolytic enzymes 

responsible for each step. First of all, ATGL initiates lipolysis by hydrolyzing TG 

into diacylglycerol (DG) and FFA. Accordingly, it has been shown that ATGL 

knockout (KO) mice exhibit severe lipid accumulation in many organs including 

adipose tissue and heart, indicating that ATGL is the rate-limiting enzyme in TG 

hydrolysis (Haemmerle et al., 2006). ATGL has patatin-like phospholipase domain, 

contained GXSXG lipase motif of α/β hydrolase domain. It has been reported that 

ATGL requires a coactivator protein, comparative gene identification-58 (CGI-58) 

for enhancing hydrolase activity (Lass et al., 2006). Like ATGL, CGI-58 also 

contains a α/β hydrolase domain. Since serine within the GXSXG lipase motif of 

the active site in CGI-58 is replaced by an asparagine residue, CGI-58 does not 

have lipase activity (Lass et al., 2011). In basal state, CGI-58 interacts with 

PERILIPIN1 (PLIN1). On the other hand, during fasting, CGI-58 is released from 

PLIN1 and binds to ATGL, leading to the increase of ATGL lipase activity 
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(Subramanian et al., 2004).  

Although HSL has been known as the first enzyme to hydrolyze lipids for 

long times (Vaughan et al., 1964), HSL has multifunctions including hydrolysis of 

TG, DG and MG (Yeaman, 1990; Yeaman et al., 1994). However, unlike ATGL KO, 

HSL deficiency does not cause TG accumulation in adipose and nonadipose tissues. 

Instead, it has been ported that HSL deficient mice show an accumulation of large 

amounts of DGs in several tissues, suggesting that HSL is a DG hydrolase rather 

than a TG hydrolase (Haemmerle et al., 2002). 

MGL is the rate-limiting enzyme for the breakdown of MGs but not TG or 

DG (Tornqvist and Belfrage, 1976). Because MGL localizes at plasma membranes, 

cytoplasm, and lipid droplets (LDs), MGL is able to hydrolyze MGs derived from 

extracellular TGs (by lipoprotein lipase), intracellular TGs (by ATGL and HSL), 

and intracellular phospholipids (by phospholipase C) (Zechner et al., 2012).  

 

3) The regulation of lipolysis upon fasting 

Upon fasting, lipolysis is tightly regulated by protein kinase A (PKA). 

Many studies have shown that the cAMP-PKA axis is a critical node in the 

regulation of lipolysis in response to fasting. Major proteins related to lipolytic 

pathways are direct targets of PKA and, recently, ATGL has also been reported to 

be a target of PKA (Lee et al., 2014; Pagnon et al., 2012). Upon fasting or 

hormonal stimulation, activated adenylyl cyclase increases intracellular cAMP, and 

then cAMP bound regulatory subunits of PKA release catalytic subunits to 

phosphorylate target proteins. Accordingly, in the presence of fasting-mimicking 

signals, activated PKA phosphorylates PLIN1 and HSL, leading to promotion of 
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the recruitment of HSL to LDs (Sztalryd et al., 2003; Tansey et al., 2001). 

Furthermore, phosphorylated PLIN1 releases CGI-58 and then CGI-58 binds to 

ATGL to enhance lipolysis upon PKA activation (Lass et al., 2006; Subramanian et 

al., 2004) (Figure 1). In this series of lipolysis pathway, the translocation of 

cytosolic lipases to LDs in response to fasting signal is one of the critical processes 

for the sophisticated control of lipolysis. However, the underlying mechanism of 

lipases translocation to LDs remains elusive. 
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Figure 1. Schematic model of fasting-induced lipolysis 
 
In feeding status, lipases are dispersed in the cytosol. Upon fasting or 
hormonal stimulation, activated PKA phosphorylates PLIN1 and HSL. 
Phosphorylated PLIN1 releases CGI-58 and CGI-58 binds to ATGL to 
stimulate lipolysis upon PKA activation. ATGL also translocates to LDs 
upon β-adrenergic activation by unknown mechanisms. 
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2. Functions of LDs and peroxisome in lipid metabolism 

1) LD and lipid metabolism 

LDs are unique subcellular organelles separated from hydrophilic 

cytoplasm by a coating of a phospholipid monolayer. LDs, found in all eukaryotic 

cells, are central organelle for maintaining energy homeostasis, even though their 

sizes are quite variable upon cell types. LD stores excess energy sources in the 

form of TGs, the most efficient form of energy storage (Brasaemle and Wolins, 

2012). When an organism faces energy deficiency, TGs stored in LDs are 

metabolized by lipolysis and used as an energy source. Among various tissues 

including adipose tissue, liver, and muscle, which participate in energy homeostasis, 

LD is an important subcellular organelle (Brasaemle, 2007). Dysregulation of LDs 

appears to be linked to pathological conditions, such as obesity, diabetes, and 

related metabolic diseases (Welte, 2015). Emerging evidence has suggested that 

LDs are involved in several cellular processes, including ER stress, membrane 

expansion during cell division and storage of sterols (Bartz et al., 2007; Wilfling et 

al., 2013).  

The formation of nascent LDs initiates at endoplasmic reticulum (ER). 

Nascent LDs are formed between leaflets of ER membrane and bud out from ER 

(Choudhary et al., 2015; Thiam et al., 2013) (Figure 2). Nascent LDs grow to 

mature forms by incorporating ER-synthesized lipids into LDs via DGAT1 

dependent manner or by incorporating locally synthesized TGs into LDs through 

LD-associated enzymes, such as GPAT4 and DGAT2 (Gross et al., 2011; Wilfling 

et al., 2013; Xu et al., 2018).  

LD surfaces are surrounded by various proteins and these LD-associated  
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Figure 2. The formation of LD from the ER 
 
LDs bud out from the ER, where DGAT1 synthesize TG from DG and acyl-
CoA. TGs initially accumulate between the two leaflets of the ER. 
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proteins have distinct roles in regulating lipid metabolism. For instance, class 1 LD 

associated proteins, such as DGAT2 and ACSL which are involved in lipid 

synthesis, translocated from ER to LDs (Kassan et al., 2013). On the other hand, 

class 2 LD associated proteins are targeted from cytoplasm to LDs. For example, 

PLINs are involved in TG hydrolysis, LD maturation, and contacting to other 

subcellular organelles (Brasaemle et al., 2004; Krahmer et al., 2013). In addition, 

FSP27 and CIDEA mediate atypical LD fusion and growth via lipid exchange 

between contacted LDs (Sun et al., 2013) (Figure 3). Therefore, investigating the 

roles of LD-associated proteins is crucial to understand lipid metabolism with LD 

regulation. 

 

2) Peroxisome and lipid metabolism 

Peroxisomes present in all eukaryotic cells and are involved in various 

cellular functions. Peroxisomes quickly respond to cellular or environmental cues 

by modulating their size, number, and function (Schrader et al., 2013). For long 

times, the primary role of peroxisomes has been considered to degrade hydrogen 

peroxide. However, it has been revealed that peroxisomes have other protective 

mechanisms to reduce oxidative stress and maintain redox balance (Fransen et al., 

2012). Also, it has been investigated that peroxisomes are involved in lipid 

metabolism (Lodhi and Semenkovich, 2014; Novikoff and Novikoff, 1982). While 

long chain fatty acids (LCFAs) and medium chain fatty acids (MCFA) are 

substrates of mitochondrial and peroxisomal fatty acid oxidations, fatty acids and 

their derivatives, such as very long chain fatty acids (VLCFAs), branched chain 

fatty acids (BCFAs) and LCFAs are thought to be exclusively oxidized by  
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Figure 3. Roles of LD-associated proteins 
 
DGAT-2 is associated with TG synthesis for LD growth. FSP27 is involved 
in LD fusion. PLIN-1, HSL, CGI-58, and ATGL are related to lipolysis. 



10 

peroxisomes (Poirier et al., 2006). 

During starvation, peroxisomes increase fatty acid oxidation to supply on 

energy source (Ishii et al., 1980; Osmundsen et al., 1989). Furthermore, 

peroxisomes participate in the synthesis of phospholipids as well as catabolic 

reactions (Hajra and Das, 1996). Especially, ether lipid synthesis from peroxisomes 

participates in cellular signaling. It has been shown that ether lipids serve as self-

ligands to activate invariant natural killer T (iNKT) cells in dihydroxyacetone 

phosphate (DHAP) KO mice (Facciotti et al., 2012). Also, lipids generated from 

peroxisomes might be involved in activating nuclear hormone receptor such as 

peroxisome proliferator-activated receptor γ (PPARγ) (Lodhi and Semenkovich, 

2014; McIntyre et al., 2003). In accordance with these, it has been reported that a 

dysfunction of peroxisomes causes several diseases including peroxisomal 

biogenesis disorders (PBDs) (Baes and Van Veldhoven, 2012; Raymond, 1999).  

 

3) Crosstalk between peroxisome and LD in lipid metabolism 

Recently, it has been reported that subcellular organelles communicate 

with neighboring organelles by contacting each other for their own cellular 

functions. For example, the mitochondria-ER contact contributes to transport of 

phospholipid and maintain Ca2+ homeostasis (Achleitner et al., 1999; Hayashi et al., 

2009). Moreover, mitochondria contacts with LD to support LD expansion by 

providing ATP for triacylglyceride synthesis (Benador et al., 2018). Several reports 

have suggested that peroxisomes are also closely associated with LDs. In yeast, the 

contact between peroxisomes and LDs appears to facilitate peroxisomal fatty acid 

import (Barbosa et al., 2015; Binns et al., 2006). Although the fusion of 
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peroxisomes and LDs in animal cells is unknown, close associations between 

peroxisomes and LDs have been suggested in mammalian cells. For instance, 

numerous peroxisomes are localized at the periphery of LDs in 3T3-L1 adipocytes 

and mouse epididymal WAT (EAT) (Blanchette-Mackie et al., 1995; Novikoff et al., 

1980). However, the roles of contacts between peroxisomes and LDs in lipid 

homeostasis are not thoroughly understood. 

 

3. Purpose of this study 

In fasted animals, stored energy sources have to be properly broken down 

to meet energy demands for survival. Thus, lipolysis is one of the key processes in 

maintaining energy homeostasis in response to nutritional status. In order to initiate 

fine-tuned lipolysis, spatial and temporal modulation of lipases appears to be a 

crucial step to prevent futile lipolysis. However, it is not completely understood 

how lipases are spatiotemporally regulated upon fasting (Figure 4).  

In this study, I found that peroxisomes and peroxisomal protein PEX5 play 

pivotal roles in the regulation of adipose triglyceride lipase (ATGL) translocation 

to trigger fasting-induced lipolysis. In part one, I have focused on the regulation of 

lipolysis, particularly, the interaction between subcellular organelles upon 

nutritional deprivation. With fasting cues, physical contact between peroxisomes 

and LDs was increased, eventually boosting fasting-induced lipolysis. Also, I have 

shown that the motor protein KIFC3 mediates microtubule-dependent movement of 

peroxisomes onto lipid droplets (LDs), leading to stimulated lipolysis. It is of 

interest to note that, from worms to mammals, increased physical interaction 

between peroxisomes and LDs is important to translocate ATGL onto LDs for 
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lipolysis upon fasting. In part two, I discovered that peroxisomal protein PEX5 has 

an evolutionarily conserved role in peroxisome-mediated ATGL translocation onto 

LDs upon fasting. Moreover, PEX5 escorted ATGL to the contact points between 

peroxisomes and LDs in response to fasting cues. In accordance with these, 

adipocyte-specific PEX5-knockout (PEX5 AKO) mice were defective to recruit 

ATGL onto LDs, resulting in impairment of fasting-induced lipolysis. Taken 

together, these findings revealed a novel mechanism in which peroxisomes and 

peroxisomal protein PEX5 play crucial roles in the spatial and temporal regulation 

of fasting-induced lipolysis by recruiting lipases onto LDs to maintain energy 

homeostasis. 
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Figure 4. Unsolved questions on the molecular mechanisms of 
lipolysis regulation upon fasting 

 
It was investigated whether crosstalk between peroxisomes and LDs 
might be involved in lipolysis (part 1) and how lipases are 
spatiotemporally regulated upon fasting (part 2). 
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Ⅱ. Materials and Methods 

 

Mice 
 

In C57BL/6 background, PEX5 AKO mice were generated by crossing 

adiponectin Cre mice with PEX5-loxP mice (provided by Dr. Baes, KU Leuven, 

Leuven, Belgium). C57BL/6 male mice were purchased from SAMTACO (Seoul, 

South Korea) and were housed in colony cages. All experiments with mice were 

approved by the Seoul National University Institutional Animal Care and Use 

Committee (SNUIACUC). 

 

C. elegans strains 
 

All worms were grown at 20°C on nematode growth medium plates 

seeded with E. coli OP50. N2, Bristol, was used as the wild-type strain. 

hjIs67[atgl-1p::atgl-1::gfp] was provided by the Caenorhabditis Genetics Center 

(CGC). For feeding RNAi, RNAi clones were obtained from the Ahringer and 

Vidal RNAi libraries. Synchronized worms were cultured on RNAi plates until 

they reached the young adult stage. 

 

Cell lines 
 

Differentiation of 3T3-L1 adipocytes and siRNA transfection were carried 

out as described previously (Lee et al., 2016). HEK293T cells (ATCC, CRL3216) 

were transiently transfected with various DNA plasmids using the 

calciumphosphate method described previously (Jang et al., 2016). 
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Lipid staining 
 

Oil Red O (ORO) staining in C. elegans was conducted as previously 

reported (Lee et al., 2014; Soukas et al., 2009). To visualize lipid droplets in 3T3-

L1 adipocytes, cells were fixed with 1% paraformaldehyde. BODIPY 493/503 

stock solution (D-3922; Molecular Probes; 1 mg/ml in methanol) was diluted 

1:1,000 in PBS before being added to and incubated with cells for 30 min. 

Mounting medium (Vectashield without DAPI; Vector Laboratories) was used for 

fluorescence imaging. Adipocytes were observed and imaged using an LSM 700 

confocal microscope (Zeiss) and an OMX SIM microscope (GE Healthcare Life 

Sciences). 

 

Immunofluorescence microscopy 

Cells were plated on coverslips (Marienfeld precision cover glasses 1.5H) 

fixed in 4% paraformaldehyde for 10 min, and permeabilized with 0.5% TritonX-

100/PBS for 5 min. In the case of digitonin treatment to decrease cytosolic staining, 

cells were treated with PBS containing 0.01% digitonin for 5 min on ice, followed 

by fixation with 4% paraformaldehyde, as described previously (Hashimoto et al., 

2012). Fixed cells were incubated with primary antibodies against PLIN1 (20R-

pp004; Fitzgerald Industries, 1:300), ATGL (2138S; Cell Signaling, 1:300) and 

PMP70 (ab3421; Abcam, 1:300) overnight, washed three times for 5 min each, 

incubated in secondary antibody for 1-2 h, washed three times for 5 min each, and 

mounted on slide glass with mounting medium (Vectashield without DAPI ; Vector 

Laboratories). Cells were observed and imaged using an LSM 700 confocal 

microscope, and an OMX SIM microscope. 
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Live cell imaging 

Cells used for live cell imaging were maintained at 37°C in the presence 

of 10% CO2 in the OMX microscope. C. elegans used for live imaging were 

treated with 1 mg/ml levamisole to immobilize C. elegans for 4 hours as described 

previously (Chai et al., 2012). C. elegans was observed under a CARS microscope 

(Leica) and the confocal microscope (Zeiss). 

 

Lipid droplet isolation 

Lipid droplet fractionation was conducted as previously described (Ding 

et al., 2013). 

 

Cell lysis and immunoprecipitation 

After washing with PBS, cells were treated with TGN buffer (50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 1% Tween-20 and 0.3% NP-40) supplemented 

with 0.1% protease inhibitor cocktail (Roche, Basel, Switzerland). Total cell lysates 

were obtained by centrifugation at 12,000 rpm. for 15 min at 4°C, and 1-1.5 mg of 

lysates was used for immunoprecipitation. The lysates were incubated with primary 

antibodies for 2 h at 4°C, followed by a 1-h incubation with 50% slurry of protein 

A sepharose presaturated with the lysis buffer. After washing three times with lysis 

buffer, the immunoprecipitated proteins were recovered from the beads by boiling 

for 10 min in sample buffer and were analyzed by SDS–PAGE and immunoblotting.  

 

Western blotting 
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Cells were lysed on ice with modified RIPA buffer containing 50 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% (v/v) Triton X-100, 0.5% (w/v) 

sodium deoxycholate, 0.1% (w/v) SDS, 5 mM NaF, 1 mM Na3VO4, and a protease 

inhibitor cocktail (GeneDEPOT; #P3100). Antibodies against ATGL (2138S, 

RRID:AB_2167955, Cell Signaling, 1:1,000), HSL (4107S, RRID:AB_2296900, 

Cell Signaling, 1:1,000), pPKA substrate (9624S, RRID:AB_10692481, Cell 

Signaling, 1:1,000), PLIN1 ((Greenberg et al., 1991), 1:5000), GAPDH 

(LabFrontier, Co., LF-PA0018, 1:1,000), and -actin (Sigma, A5316, 

RRID:AB_476743, 1:2,000) were used for western blotting analysis as described 

previously (Lee et al., 2017). 

 

Glycerol release assay 

Glycerol release from adipocytes or adipose tissues was measured using 

Free Glycerol Reagent (F6428; Sigma) according to the manufacturer’s protocol. 

For lipolysis ex-vivo, inguinal fat pads isolated from mice were cut into 50-mg 

pieces and incubated at 37°C in DMEM containing 3% FA-free BSA. 

 

Resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit anti-ATGL Cell Signaling 2138S, 

RRID:AB_2167955 
Rabbit anti-HSL Cell Signaling 4107S, 

RRID:AB_2296900 
pHSL Cell Signaling 4139 
Rabbit anti-pPKA substrate Cell Signaling 9624S, 

RRID:AB_10692481, 
anti-PLIN1 Greenberg et al., 

1991 
N/A 

Guinea Pig anti-PLIN1 Fitzgerald Industries 20R-pp004 
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Rabbit anti-PMP70 Abcam ab3421 
Mouse anti-PEX5 Abcam Ab125689 
Mouse anti-ATP5A Abcam ab14748 
Mouse anti-ABHD5 Novus Biologicals H00051099-M01 
Rabbit anti-GAPDH AbFrontier LF-PA0018 
Mouse anti-GFP Santa Cruz  Sc9996 
Mouse anti-MYC Cell Signaling 9B11 
Mouse anti-βactin Sigma Aldrich A5316, 

RRID:AB_476743 
Chemicals, Peptides, and Recombinant Proteins 
Oil Red O Soukas et al., 2009 N/A 
BODIPY 493/503 Molecular Probes D-3922 
Mounting medium Vector Laboratories H-1000 
Isoproterenol  Sigma Aldrich 1351005 
Forskolin  Calbiochem 344270 
WY-14643 Sigma Aldrich C7081 
CIAP (Alkaline phosphatase) Takara 2250A 
levamisole Sigma Aldrich 31742 
Nocodazole Sigma Aldrich M1404 
protease inhibitor cocktail GeneDEPOT P3100 
Sepharose A GE Healthcare 17-0780-01 
Digitonin Sigma Aldrich D5628 
Critical Commercial Assays 
Glycerol reagent Sigma Aldrich F6428 
Free Fatty Acids Sigma Aldrich 11383175001 
   
Deposited Data 
The Genotype-Tissue Expression GTEx consortium https://gtexportal.org/

home/ 
Experimental Models: Cell Lines   
3T3-L1 cells ATCC CRL-11268 
HEK 293 cells Laboratory of 

Norbert Perrimon 
FlyBase: 
FBtc0000181 

Cos-7 cells MSKCC stem cell 
core facility 

N/A 

Experimental Models: Organisms/Strains  
C. elegans: Strain VS10: hjIs37 [vha-
6p::mRFP-PTS1 + Cbr-unc-119(+)]. 

Caenorhabditis 
Genetics Center 

WB Strain: VS10;  
 

C. elegans: Strain VS20: hjIs67[atgl-
1p::atgl-1::gfp]. 

Caenorhabditis 
Genetics Center 

WB Strain: VS20;  
 

C. elegans: [atgl-1p::atgl-1::gfp, act-
5p::ds-red::PTS] 

This paper N/A 

Mouse: PEX5-loxP Baes et al., 2002 N/A 
Mouse: Adiponectin-Cre Huh et al., 2017 N/A 
Oligonucleotides 
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siRNA targeting sequence: PEX5 #1:  
GUCUGAGAACAUCUGGAGU 

This paper Bioneer 

siRNA targeting sequence: PEX5 #2:  
GGAGUCCUGUUCAACCUGA 

This paper Bioneer 

siRNA targeting sequence: ACOX1 
CAGCUAAGUUGCUUGUCUU 

This paper Bioneer 

siRNA targeting sequence: KIFC3 
UCGUGACAGUGAGAGGUGU 

This paper Bioneer 

Primer: pex5 Forward:  
ATTCGGTCCCGGTATAACCT 

This paper primer3.ut.ee 

Primer: atgl Forward:  
CTCCAGCGGCAGAGTATAGG 

This paper primer3.ut.ee 

Primer: ppara Forward:  
ATGCCAGTACTGCCGTTTTC 

This paper primer3.ut.ee 

Primer: cpt1b Forward: 
TGTCATGGCAACAGTTGGTT 

This paper primer3.ut.ee 

Primer: pgc1a Forward:  
AAGGTCCCCAGGCAGTAGAT 

This paper primer3.ut.ee 

Primer: acox1 Forward:  
CAGGAAGAGCAAGGAAGTGG 

This paper primer3.ut.ee 

Recombinant DNA 
pEGFP-N1-ATGL This paper N/A 
pcDNA3.1-PEX5 This paper N/A 
pcDNA3.1(+)-mCHERRY-PTS This paper N/A 
pPD95.77-DS-RED-PTS This paper N/A 
Software and Algorithms 
ImageJ ImageJ http://imagej.nih.gov/

ij/; 
PRID: SCR_003070 

Prism 7 Graphpad Software http://www.graphpad.
com; 
PRID: SCR_002798 

LAS X Leica software N/A 
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Ⅲ. Results 

 

 

 

 

 

 

 

 

 

 

PART ONE: 

The contact between peroxisomes and LDs facilitates fasting-

induced lipolysis 
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Fasting stimulates the interaction between peroxisomes and LDs 

Although it has been shown that peroxisomes are able to interact with LDs 

(Binns et al., 2006), it is unclear which physiological cues would induce such 

physical contacts. Given that fasting activates catabolic metabolism, including 

lipolysis and fatty acid oxidation (Ishii et al., 1980; Jensen et al., 1987), I 

hypothesized that fasting might affect the interaction between peroxisomes and 

LDs. To address this hypothesis, I examined the subcellular localization of 

peroxisomes and LDs in C. elegans in response to nutritional status. Consistent 

with previous reports (Lee et al., 2014; O'Rourke et al., 2009), LDs in the anterior 

intestine were decreased by fasting (Figures 5A and 5B). Fasting rapidly stimulated 

the colocalization of red fluorescence protein (RFP)-tagged peroxisome targeting 

sequence (PTS), a peroxisome marker (Knoblach et al., 2013; Smith et al., 2002), 

onto LDs in the intestines of live worms assessed by coherent anti-stokes raman 

scattering (CARS) microscopy (Figures 6A, 6B and 6C). To confirm this 

observation in mammals, immunohistochemical analysis was conducted with 

mouse epididymal adipose tissue (EAT). As shown in Figure 7, peroxisomal 

membrane protein (PMP) 70, another peroxisome marker, was abundantly detected 

on LDs upon fasting. To gain further insights into the interaction between 

peroxisomes and LDs, differentiated adipocytes were treated with isoproterenol 

(ISO), a β-adrenergic receptor agonist, to mimic fasting stimuli. In the presence of 

ISO, the colocalization of peroxisomes and LDs in adipocytes was greatly 

enhanced (Figure 8A). Consistent herewith, 3-dimensional super-resolution 

microscopy (3D-SIM) revealed that peroxisomes abundantly surrounded the 

surfaces of LDs in ISO-treated adipocytes (Figure 8B).  
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Figure 5. LD content is decreased during fasting 
 

(A) Representative CARS images of LDs in the C. elegans anterior 
intestine upon fasting (4 h). Scale bars, 50 μm. (B) quantitative data 
of LD content in the C. elegans anterior intestine upon fasting (4 h). 
Data represent the mean ± SD; *P < 0.05 (unpaired two-tailed 
student’s t-test). 
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Figure 6. Fasting promotes interactions between peroxisomes 
and LDs in C. elegans 

 
(A) Representative CARS live images of peroxisome-LD contacts 
(arrowhead) during fasting (1 h) in young adult worms expressing 
RFP::PTS1 (peroxisome marker). (B) Quantification of 
peroxisome-LD colocalization calculated using Leica software 
(LAS X). n = 7 worms. Data are represented as the mean ± SD; *P 
< 0.05, ***P < 0.001 (unpaired two-tailed Student’s t-test). (C) 
Representative 3D structural images of peroxisome-LD contact 
during fasting in C. elegans. Scale bars, 5 μm. 
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Figure 7. Fasting enhances contacts between 
peroxisomes and LDs in mice 

 
3D-SIM images of EAT immunostained with PLIN1 
(LD marker, green) and PMP70 (peroxisome marker, 
red) under feeding and fasting (12 h) conditions. Scale 
bars, 10 μm. 
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Although the total amount of PMP70 was not increased in ISO-treated 

adipocytes (Figure 8C), the ratio of colocalization of PMP70 and PLIN1 was 

elevated by ISO (Figure 8D). Next, to determine whether peroxisomes indeed 

translocated onto LDs upon fasting, I traced the movement of peroxisomes using 

live imaging. In adipocytes, forskolin (FSK), a pharmacological activator of PKA, 

promoted the translocation of mCherry-PTS onto LDs (Figure 9A). In accordance 

herewith, the levels of PMP70 protein were increased in the LD fraction of ISO-

treated adipocytes (Figure 9B). However, unlike peroxisomes, mitochondria did 

not quickly move toward LDs upon stimulation with ISO (Figure 10). These data 

suggest that fasting stimulates the physical interaction between peroxisomes and 

LDs, probably through peroxisome migration. 

 

The contact between peroxisomes and LDs is crucial for stimulated lipolysis 

The findings that fasting signals potentiated the movement of peroxisomes 

to LD led us to investigate whether peroxisomes might move onto LDs via the 

cytoskeleton and motor protein. As microtubules regulate peroxisome movement 

(Rapp et al., 1996), the effect of nocodazole, an inhibitor of microtubule 

polymerization, on peroxisome movement was investigated in adipocytes. As 

shown in Figures 11A and 11B, nocodazole inhibited the translocation of 

peroxisomes onto LDs in the presence of ISO. However, the total contents of 

peroxisomal proteins, such as PMP70, were not altered by nocodazole (Figure 11C). 

It is of interest to note that the decreased interaction between peroxisomes and LDs 

by nocodazole markedly attenuated lipolytic activity in ISO-treated adipocytes 

(Figure 11D).  
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Figure 8. Fasting stimuli promote interactions between peroxisomes 
and LDs 

 

(A) Representative optical section images of peroxisome-LD contacts 
(arrowhead) in differentiated 3T3-L1 adipocytes stained for endogenous 
PMP70 (Red) and PLIN1 (green) and treated with ISO (1 μM) for 1 h. 
(B) 3D projection of SIM images in differentiated 3T3-L1 adipocytes 
immunostained for PMP70 (Red) and PLIN1 (green) and treated with 
ISO (1 μM) for 1 h. (C) Quantification of PMP70 staining intensity in 
adipocytes treated with or without ISO (1 μM) for 1 hour. n = 10-15 cells 
from the sum of section images. (D) Quantification of peroxisome-LD 
colocalization calculated using ImageJ software. CON, control; ISO, 
isoproterenol. 
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Figure 9. Fasting stimuli increase peroxisome movement 
onto LDs 

 
(A) Representative live images of peroxisome movement 
during FSK treatment (2 h) in differentiated adipocytes 
expressing mCHERRY::PTS1 (peroxisome marker, red) and 
stained with BODIPY (LD marker, green). FSK, forskolin. 
Scale bars, 10 μm. (B) Western blot of whole cell extracts 
(WCE) or LD fractionation for PMP70 (peroxisome) and LD-
associated proteins. ISO, isoproterenol. 
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Figure 10. Mitochondria do not move toward LDs upon ISO 
 

Representative confocal images of adipocytes immunostained for 
ATP5A (mitochondria marker, green) and PMP70 (red), and treated 
with ISO (1 μM) for 1 h. Scale bars, 10 μm. CON, control; ISO, 
isoproterenol. 
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Figure 11. Nocodazole suppresses the movement of peroxisomes on LDs 
upon ISO, leading to inhibition of stimulated lipolysis 

 

(A and B) Representative confocal images and quantification of 
peroxisome-LD contacts (arrowhead) immunostained with PLIN1 (green) 
and PMP70 (red) in differentiated adipocytes. Cells were treated with or 
without nocodazole (0.05 μg/ml) under CON or ISO treatment. n = 10-15 
cells for quantification of colocalization (B). Scale bars, 10 μm. (C) 
Quantification of PMP70 intensity in differentiated adipocytes. n = 10-15 
cells from the sum of section images. Adipocytes were treated with or 
without nocodazole (0.05 μg/ml) (D) Concentration of glycerol released 
from adipocytes in media. Adipocytes were treated with or without 
nocodazole (0.05 μg/ml) under CON or ISO treatment. n = 3 for each group. 
Data represent the mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
vehicle-CON or siNC-CON, #P < 0.05, and ##P < 0.01 in two-way ANOVA 
followed by Turkey’s post-hoc test. 
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Given that KIFC3, which belongs to the group of C-terminal kinesins, is 

involved in peroxisome movement (Dietrich et al., 2013), I examined whether 

KIFC3 might be involved in the microtubule-dependent movement of peroxisomes 

to LDs. When KIFC3 was suppressed via siRNA, the colocalization of 

peroxisomes and LDs in ISO-treated adipocytes was markedly decreased (Figures 

12A and 12B), without a change in peroxisomal PMP70 contents (Figure 12C). 

Similar to nocodazole treatment, KIFC3 suppression diminished lipolytic activity 

in ISO-treated adipocytes (Figure 12D), implying that the translocation of 

peroxisomes onto LDs appears to be important for fasting-induced lipolysis. Then, 

to test the idea that the enhanced interaction between peroxisomes and LDs could 

potentiate fasting-induced lipolysis, differentiated adipocytes were treated with 

WY-14643 (WY), an agonist of peroxisome proliferator-activated receptor α 

(PPARα). As shown in Figures 13A and 13B, WY augmented the amounts of 

peroxisomes stained with PMP70 and elevated mRNA levels of PPARα target 

genes. More importantly, WY enhanced the colocalization of peroxisomes and LDs 

upon ISO (Figures 14A and 14B). Furthermore, even though basal lipolytic activity 

was not altered by WY, ISO-stimulated lipolysis was further enhanced by WY 

(Figure 14C), indicating that the physical interaction between peroxisomes and 

LDs is crucial for provoking fasting-induced lipolysis. 

 

Upon fasting, ATGL moves to contact points between peroxisomes and LDs 

As peroxisomes moved toward LDs and their interaction promoted 

fasting-induced lipolysis, I postulated the idea that certain lipases might confer 

stimulated lipolysis through peroxisome movement.  
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Figure 12. KIFC3 mediates the movement of peroxisomes to LDs upon 
treatment of ISO 

 
(A and B) SIM images and quantitative data of peroxisome-LD contacts 
(arrowhead) stained with PLIN1 (green) and PMP70 (red) in adipocytes 
transfected with siNC or siKIFC3 for 48 h. Scale bars, 5 μm. n = 10-15 cells 
for quantification of colocalization (B). Quantification of PMP70 intensity 
in differentiated adipocytes. n = 10-15 cells from the sum of section images. 
Adipocytes were transfected with siNC or siKIFC3. (C) Concentration of 
glycerol released in media by adipocytes transfected with siNC or siKIFC3 
for 48 hours. n = 3 for each group. CON, control; ISO, isoproterenol. Cells 
were treated with ISO (1 μM) for 1 h. Data represent the mean ± SD; *P < 
0.05, **P < 0.01, ***P < 0.001 vs. vehicle-CON or siNC-CON, #P < 0.05, and 
##P < 0.01 in two-way ANOVA followed by Turkey’s post-hoc test. 
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Figure 13. WY elevates amounts of peroxisomes 
 
(A) Quantification of PMP70 intensity in differentiated adipocytes. n = 10-
15 cells from the sum of section images. Adipocytes were treated with WY-
14643 under CON or ISO treatment. (B) Relative mRNA levels of CPT1β, 
PGC-1α, and ACOX1 (PPARα target genes) in cells treated with or without 
WY-14643. CON, control; ISO, isoproterenol. Cells were treated with ISO 
(1 μM) for 1 h. Data represent the mean ± SD; **P < 0.01 vs. vehicle-CON in 
two-way ANOVA followed by Turkey’s post-hoc test. 
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Figure 14. WY selectively enhances the physical interaction 
between peroxisomes and LDs upon ISO 

 

(A and B) Confocal images and quantitative data of peroxisome-
LD contacts (arrowhead) immunostained with PLIN1 (green) and 
PMP70 (red) in adipocytes. Cells were treated with or without 
WY-14643 (10 μM) for 48 h. Scale bars, 10 μm. n = 10-15 cells 
for quantification of colocalization. (C) Concentration of glycerol 
released in media by adipocytes treated with WY-14643 (10 μM) 
for 48 h. n = 3 for each group. CON, control; ISO, isoproterenol. 
Cells were treated with ISO (1 μM) for 1 h. Data represent the 
mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle-CON or 
siNC-CON, #P < 0.05, and ##P < 0.01 in two-way ANOVA 
followed by Turkey’s post-hoc test. 
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Previously, I have demonstrated that ATGL-1, the ortholog of mammalian ATGL, is 

a key lipase for fasting-induced lipolysis in C. elegans (Lee et al., 2014). To test 

whether fasting-induced peroxisome movement might influence ATGL-1 

localization, the subcellular localizations of ATGL-1 and peroxisomes in worms 

were monitored by real-time imaging. Colocalization of ATGL-1 and peroxisomes 

was promoted during fasting (Figures 15A and 15B). In adipocytes, the 

colocalization of peroxisomes and LDs was also augmented by ISO (Figure 16), 

implying that ATGL might interact with peroxisomes in the presence of fasting 

stimuli. Inhibition of peroxisome movement by either nocodazole or KIFC3 siRNA 

prevented ATGL translocation onto LDs in the presence of ISO (Figures 17A and 

17B). Together, these data propose that the interaction between peroxisomes and 

LDs could mediate the recruitment of ATGL onto LDs upon fasting stimuli. 
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Figure 15. Colocalization of ATGL-1 and peroxisomes is increased during 
fasting in C. elegans 

 
(A) Representative time-lapse confocal images of peroxisome-LD contacts 
(arrowhead) during fasting (3 h) in young adult worms expressing 
DsRED::PTS1 and ATGL-1::GFP. Scale bars, 10 μm. (B) Percentage of ATGL 
protein colocalizing with peroxisomes calculated using ImageJ software. Data 
represent the mean ± SD; **P < 0.01 vs. 0 h (unpaired two-tailed Student’s t-
test). 



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Colocalization between ATGL and peroxisomes at 
LDs is augmented by ISO in adipocytes 

 
Confocal images using adipocytes transfected with mCHERRY::PTS 
and stained with endogenous ATGL (green), and treated with ISO (1 
μM) for 1 h. DAPI, blue. Scale bars, 10 μm. 
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Figure 17. Inhibition of peroxisome movement prevents ATGL 
translocation onto LDs by ISO 

 

(A and B) Representative SIM images of the recruitment of ATGL 
(arrowhead) in adipocytes immunostained with endogenous 
PLIN1 (green) and ATGL (red). Cells were treated with 
nocodazole (0.05 μg/ml) (C) or transfected with siNC of siKIFC3 
for 48 h (D) under CON or ISO (1 μM) treatment. CON, control; 
ISO, isoproterenol. Scale bars, 5 μm. 
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PART TWO: 

PEX5 regulates fasting-induced lipolysis by mediating 

translocation of ATGL onto LDs 
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PRX-5 is required for fasting-induced lipolysis in C. elegans 

 It has been well established that fasting decreases LDs in the anterior 

intestine of C. elegans (Jo et al., 2009; Lee et al., 2014; McKay et al., 2003; 

O'Rourke et al., 2009). I used a reverse genetics approaches to investigate which 

peroxisomal proteins might be involved in fasting-induced lipolysis. After 

suppression of specific peroxisomal genes via RNAi, the amounts of LDs in fed 

and fasted worms were assessed by ORO staining. Similar to fasted adult wild type 

(WT) worms, the intensity of intestinal ORO staining was reduced in most RNAi-

treated worms upon fasting (Figure 18). However, prx-5 suppression via RNAi 

significantly attenuated LD hydrolysis upon fasting (Figures 18, 19A and 19B). I 

next examined whether PRX-5 might be associated with ATGL-1-dependent 

lipolysis. To unveil the genetic interaction between the prx-5 and atgl-1 genes, prx-

5 was suppressed via RNAi in ATGL-1 overexpressing worms. While ATGL-1 

overexpression decreased intestinal LD in the basal state (Figure 20) (Lee et al., 

2014), prx-5 suppression reversed this effect (Figures 20A and 20B). To investigate 

whether PEX5, the mammalian ortholog of C. elegans PRX-5, might be associated 

with lipolysis in fat tissue, I analyzed the correlations between the expression of 

ATGL and PEX genes in human adipose tissues from Genotype-Tissue Expression 

(GTEx) (Consortium, 2013). As shown in Figures 21A-C, human PEX5 expression 

was tightly correlated with that of ATGL in human adipose tissues, similar to our 

findings in worms. Together, these data indicated that the peroxisomal cargo 

receptor PRX-5/PEX5, together with ATGL, might be involved in fasting-induced 

lipolysis.  
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Figure 18. RNAi screening of peroxisomal biogenesis genes involved in 
fasting-induced lipolysis 

 
RNAi screening of peroxisomal genes involved in fasting-induced 
lipolysis based ORO staining. ORO staining intensities in young adult 
RNAi-treated worms under feeding and 8-h fasting conditions were 
quantified and classified according to the relative fold increase compared 
to the L4440 control group. 
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Figure 19. PRX-5 is required for fasting-induced lipolysis in        
C. elegans 

 

(A and B) Representative images and quantification of ORO staining with 
RNAi of atgl-1 and prx-5 in young adult worms under feeding and fasting 
(8 hours). n = 15-20 for quantification. Data represent the mean ± SD; *P 
< 0.05, **P < 0.01, ***P < 0.001 in two-way ANOVA followed by 
Turkey’s post-hoc test. 
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Figure 20. PRX-5 is associated with ATGL-1-dependent lipolysis in     
C. elegans 

 
(A and B) Representative images and quantification of ORO staining in prx-5 
RNAi-treated WT worms (N2) and atgl-1 transgenic worms (hj67; Is[atgl-
1p::atgl-1::GFP]). n = 15-20 for quantification. Data represent the mean ± 
SD; *P < 0.05, **P < 0.01, ***P < 0.001 in unpaired two-tailed Student’s t-test. 
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Figure 21. ATGL expression is linked to PEX5 expression in human 
adipose tissues 

 

(A) Heatmap analysis of Pearson’s coefficients (r) between lipolytic genes 
(ATGL and HSL) and PEX genes in human adipose tissue based on data 
from GTEx. Vis, visceral; SubQ, subcutaneous. (B) Plots of correlation 
between PEX5 and all detectable genes in human visceral adipose tissue 
based on data from GTEx. ACOX1 (green), positive control for correlation 
of PEX5. (C) Correlations between expression of PEX5 and ATGL in 
human visceral adipose tissue based on data from GTEx. 
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PEX5 escorts ATGL to LDs for fasting-induced lipolysis 

 As a peroxisomal protein, PRX-5 acts as a cargo receptor that recognizes 

PTSs in target proteins to translocate them to peroxisomes (Dodt and Gould, 1996; 

Kim and Hettema, 2015). Thus, I decided to investigate the function of mammalian 

PEX5 in fasting-induced lipolysis. To this end, I first examined lipolytic activities 

in adipocytes with or without PEX5 suppression. As shown in Figure 22A, PEX5 

suppression in adipocytes downregulated ISO-stimulated lipolysis, whereas basal 

lipolysis was not affected. In the presence of WY, further increase in ISO-

stimulated lipolysis was attenuated by PEX5 suppression (Figure 22B). Given that 

PEX5 imports target proteins related to fatty acid oxidation into the peroxisomal 

matrix (Van der Leij et al., 1993), I examined whether peroxisomal fatty acid 

oxidation would also influence PEX5-mediated lipolysis. However, suppression of 

ACOX1, a key factor for peroxisomal fatty acid oxidation (Varanasi et al., 1994), 

had no effect on fasting-induced lipolysis nor basal lipolysis in adipocytes (Figure 

23).  

To gain further insights into the roles of mammalian PEX5 in stimulated 

lipolysis, the subcellular localization of ATGL was examined in adipocytes with or 

without PEX5 suppression. PEX5 suppression markedly downregulated ISO-

induced ATGL translocation onto LDs (Figures 24A and 24B). When I analyzed 

fluorescence intensity line profiles, ATGL and PLIN1 exhibited similar line profiles 

at LD surfaces in ISO-treated adipocytes (Figure 25). In contrast, PEX5 

suppression resulted in distinct ATGL and PLIN1 line profiles. These data suggest 

that PEX5 might be a key factor to recruit ATGL onto LDs for stimulated lipolysis. 

Next, the subcellular distribution of ATGL and PLIN1 proteins was  
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Figure 22. Mammalian PEX5 is required for stimulated 
lipolysis in adipocytes 

 
(A) Relative glycerol release by adipocytes transfected 
with negative control (NC) or PEX5 siRNA(siPEX5) for 48 
h. (B) Relative glycerol release by adipocytes transfected 
with siNC or siPEX5 for 48 h together in the absence or 
presence of WY-14643 (10 μM) treatment. CON, control; 
ISO, isoproterenol. Cells were treated with ISO (1 μM) for 
1 h. Data represent the mean ± SD; *P < 0.05, **P < 0.01 
in two-way ANOVA followed by Turkey’s post-hoc test. 
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Figure 23. ACOX1 has no effect on fasting-
induced lipolysis  

 
Relative glycerol release by adipocytes 
transfected with siNC or siACOX1 for 48 h. 
CON, control; ISO, isoproterenol. Cells were 
treated with ISO (1 μM) for 1 h. Data 
represent the mean ± SD; *P < 0.05, **P < 
0.01 in two-way ANOVA followed by 
Turkey’s post-hoc test. n.s., not statistically 
significant. 
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Figure 24. PEX5 escorts ATGL to LDs upon ISO treatment 
 
(A and B) Representative SIM images and quantification analysis of the 
recruitment of ATGL to LDs in adipocytes immunostained with 
endogenous PLIN1 (red) and ATGL (green). Cells were transfected with 
siNC or siPEX5. n = 10-15 cells from the sum of section images. 
Quantification of ATGL recruitment to LDs calculated using ImageJ 
software. CON, control; ISO, isoproterenol. Cells were treated with ISO (1 
μM) for 1 h. All scale bars, 10 μm. Data represent the mean ± SD; *P < 
0.05, **P < 0.01 in two-way ANOVA followed by Turkey’s post-hoc test. 
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Figure 25. PEX5 is required for ATGL translocation onto LD upon ISO 
 

Representative SIM z-section images (left) and fluorescence intensity profile 
from the indicated line scan (right) in Figure 20A. The line around 0.2 
indicates background fluorescence signal. The LD area is highlighted in 
yellow. CON, control; ISO, isoproterenol. Cells were treated with ISO (1 
μM) for 1 h. All scale bars, 10 μm. 
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biochemically investigated in adipocytes treated with or without PEX5 siRNA. In 

accordance with the above data, suppression of PEX5 diminished ATGL 

translocation into the LD fraction during ISO-stimulated lipolysis (Figures 26A and 

26B). Taken together, these data indicate that PEX5 plays a crucial role in fasting-

induced lipolysis by recruiting ATGL onto LDs. 

 

PEX5 mediates stimulated lipolysis through interacting with ATGL 

To study the subcellular localization of ATGL and PEX5 upon catabolic 

signals, differentiated adipocytes were treated with or without FSK. ATGL proteins 

were abundantly present in the cytosol under the basal conditions, whereas ATGL 

largely localized to the LD surfaces upon treatment with FSK (Figure 27). 

Similarly, the majority of PEX5 protein was found on LD surfaces upon FSK. Co-

immunoprecipitation assays revealed the physical interaction between ATGL and 

PEX5 (Figure 28). Moreover, HSL also appeared to interact with PEX5 (Figure 29). 

To elucidate whether ATGL might contain the putative binding motif (s) for PEX5, 

I examined potential PTSs in ATGL protein. Interestingly, ATGL contains the ARL 

motif, one of potential PTSs, which is required for translocating target proteins to 

peroxisomal membrane by PEX5 (van der Klei and Veenhuis, 2006; Zhang et al., 

2013; Zhang et al., 2015). To test whether this ARL motif might be indeed 

important for physical interaction between PEX5 and ATGL, I introduced an 

arginine (R) to glutamine (Q) mutation (ATGL-RQ) into wild-type (WT) ATGL. 

Unlike WT ATGL, the physical interaction between ATGL RQ mutant and PEX5 

was greatly decreased (Figure 30). Next, to investigate whether ATGL-RQ 

mutation might affect stimulated lipolysis, the levels of glycerol release  
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Figure 26. PEX5 recruits ATGL to LD fraction upon ISO 
 
(A) Western blot of whole cell extracts (WCE) or LD fractionation 
of adipocytes transfected with siNC or siPEX5. (B) Quantification 
of ATGL in LDs normalized to PLIN1 from (A). CON, control; ISO, 
isoproterenol. Cells were treated with ISO (1 μM) for 1 h. 
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Figure 27. PEX5 colocalizes with ATGL by ISO 
 
Representative images of differentiated adipocytes 
immunostained for endogenous ATGL (red), PEX5 
(green), and DAPI (blue). Adipocytes were treated 
with FSK (10 μM) for 1 h. CON, control; FSK, 
forskolin. Scale bars, 10 μm. 
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Figure 28. PEX5 binds to ATGL 
 
Co-immunoprecipitation with an anti-MYC 
antibody and western blotting were 
conducted with the indicated antibodies. 
HEK 293 cells were transfected with MYC-
PEX5 and GFP-ATGL expression vectors. IP, 
immunoprecipitation; IB, immunoblotting; 
IgG, immunoglobulin G. 
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Figure 29. PEX5 binds HSL 
 

Co-immunoprecipitation with an anti-MYC 
antibody and western blotting were 
conducted with the indicated antibodies. 
HEK 293 cells were transfected with MYC-
PEX5 and GFP-HSL expression vectors. IP, 
immunoprecipitation; IB, immunoblotting; 
IgG, immunoglobulin G. 
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Figure 30. PEX5 binds to ATGL by recognizing 
ARL motif of ATGL 
 

Co-immunoprecipitation with an anti-MYC 
antibody and western blottings were performed 
with the indicated antibodies. HEK 293 cells were 
transfected with MYC-PEX5, GFP-ATGL WT, 
and GFP-ATGL RQ expression vectors. IP, 
immunoprecipitation; IB, immunoblotting; IgG, 
immunoglobulin G. 
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were compared with ATGL WT or ATGL-RQ mutant. When ATGL RQ was 

coexpressed with PEX5, increased glycerol release upon FSK was blunted (Figure 

31), implying that the physical interaction between ATGL and PEX5 would be 

important to mediate stimulated lipolysis. As the colocalization of ATGL and PEX5 

appeared to be increased by FSK (Figure 27), I next investigated the degree of 

biochemical interaction between ATGL and PEX5. In accordance with above data, 

the physical interaction between ATGL and PEX5 was further elevated by FSK 

(Figure 32). Then, I asked whether PKA activation by catabolic signals might 

modulate this interaction. As shown in Figure 33, FSK increased PEX5 

phosphorylation and enhanced the interaction with ATGL. However, FSK-induced 

interaction between ATGL and PEX5 was slightly but substantially mitigated by 

phosphatase treatment. These data imply that PEX5 could recruit ATGL to 

modulate fasting-induced lipolysis, which is augmented by PKA activation. 

 

Fasting-induced lipolysis is impaired in PEX5 AKO mice 

To elucidate the physiological roles of mammalian PEX5 upon nutritional 

deprivation, I decided to generate adipocyte-specific PEX5 knockout (PEX5 AKO) 

mice by crossing adiponectin-cre mice with PEX5-loxP mice in C57BL/6 

background (Figure 34). When I examined adipocyte size regulated under different 

nutritional states, PEX5 ablation greatly alleviated the fasting-induced reduction in 

adipocyte size (Figures 35A and 35B). Next, to examine whether fasting-induced 

lipolysis might be altered in PEX5 AKO mice, ATGL recruitment onto LDs was 

compared in adipose tissues of WT and PEX5 AKO mice upon fasting. As shown 

in Figure 36, the large portion of ATGL was localized on LD surfaces in adipocytes  
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Figure 31. The binding of ATGL and PEX5 is important 
to mediate stimulated lipolysis 

 

Concentrations of glycerol released in media by cultured 
cells transfected with PEX5-WT, ATGL-WT, and ATGL-RQ 
expression vectors. Cells were pretreated with oleic acid 
(500 μM ) for 48 hours and FSK (25 μM) for 3 hours. Cells 
were pretreated with oleic acid (500 μM ) for 48 h and FSK 
(25 μM) for 3 h. n = 3 for each group. CON, control; FSK, 
forskolin. Data represent the mean ± SD; **P < 0.01 by one-
way ANOVA followed by Turkey’s post-hoc test.  
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Figure 32. The interaction between PEX5 
and ATGL is increased by FSK 

 
Co-immunoprecipitation with an anti-MYC 
antibody and western blotting were 
conducted with the indicated antibodies. 
HEK 293 cells were transfected with MYC-
PEX5 and GFP-ATGL expression vectors. 
FSK, forskolin. IP, immunoprecipitation; 
IB, immunoblotting; IgG, immunoglobulin 
G. 



58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. The interaction between ATGL 
and PEX5 is regulated by PKA  

 

HEK 293 cells were transfected with MYC-
PEX5 and GFP-ATGL expression vectors and 
treated with or without FSK and phosphatase 
(CIAP). Co-immunoprecipitation with an 
anti-MYC antibody and western blotting 
were conducted with the indicated antibodies. 
IP, immunoprecipitation; IB, immunoblotting; 
IgG, immunoglobulin G. 
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Figure 34. Schematic model of adipocyte specific PEX5 KO mouse 
generation 

 

Adipocyte-specific PEX5 knockout (PEX5 AKO) mouse was generated 
by crossing adiponectin-cre mice with PEX5-loxP mice in C57BL/6 
background. 
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Figure 35. A size of adipocyte upon fasting in WT, PEX5 
AKO mice  

 

(A) Adipocyte morphology of EAT from WT and PEX5 AKO 
mice stained by hematoxylin and eosin (H&E). Scale bars, 50 
μm. (B) Adipocyte size in EAT of WT and PEX5 AKO mice 
under feeding and fasting (12 h) conditions. Data represent the 
mean ± SD; ****P < 0.0001 vs. WT-Feeding, ####P < 0.0001 group 
in two-way ANOVA followed by Turkey’s post-hoc test. 
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Figure 36. Translocation of ATGL onto LDs is attenuated 
by PEX5 in fasted PEX5 AKO mice 

 
Representative SIM images showing the subcellular 
localization of ATGL in EAT immunostained with PLIN1 
(green) and ATGL (red) under feeding and 12 h of fasting. 
Blue dashed line, plasma membrane; white dashed line, LD 
surface. The boundaries of adipocytes membrane was 
distinguished by DIC images. Scale bars, 10 μm. 
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from fasted WT mice. In contrast, PEX5-ablated adipocytes were impaired in 

translocating ATGL onto LDs in response to fasting. In accordance herewith, serum 

levels of FFA and glycerol were lower in fasted PEX5 AKO mice than in fasted 

WT mice (Figures 37A and 37B). Furthermore, to determine whether the reduced 

levels of FFA and glycerol in fasted PEX5 AKO mice would be due to decreased 

lipolytic activity, the subcellular localization of ATGL was investigated in 

adipocytes cultured ex vivo with or without ISO. As indicated in Figure 38, 

cytosolic ATGL of WT adipocytes was translocated onto LD surfaces upon ISO. 

However, this translocation was blocked by PEX5 deletion, implying that 

adipocyte PEX5 would be crucial for ATGL translocation onto LDs upon fasting 

stimuli. In addition, lipolytic activity was attenuated in ISO-treated PEX5 AKO 

EAT (Figure 39). Collectively, these data evidently reveal that adipocyte PEX5 

could escort ATGL onto LDs to provoke fasting-induced lipolysis.  

 

PEX5 regulates fasting-induced lipolysis in a CGI-58-independent manner 

It has been reported that CGI-58 plays a key role in regulating the 

hydrolase activity of ATGL (Lass et al., 2006). To test whether CGI-58 might be 

involved in PEX5-mediated lipolysis, the levels of stimulated lipolysis in 

adipocytes were examined with or without suppression of ATGL, PEX5 and/or 

CGI-58. Similar knockdown efficiency was confirmed (Figures 40A-E). 

Knockdown of each single gene decreased stimulated lipolysis to a certain degree 

(Figure 41, lanes 3, 4, and 6). Among these, ATGL suppression potently blocked 

stimulated lipolysis (lanes 6, 7, 8, and 9), and co-suppression of PEX5 and ATGL 

showed no further inhibitory effect on lipolytic activity (lane 7), implying that  
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Figure 37. Serum profiles of WT and PEX5 AKO mice 
 
(A and B) Serum levels of FFAs (A) and glycerol (B) in fed 
and fasted (12 h) mice (n = 5 per genotype). Data represent 
the mean ± SD; *P < 0.05, ***P < 0.001 vs. WT-CON, #P < 
0.05, and ##P < 0.01 group in two-way ANOVA followed by 
Turkey’s post-hoc test. 
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Figure 38. Translocation of ATGL onto LDs is blocked by 
PEX5 in ISO-treated PEX5 AKO adipose tissue 

 

Representative SIM images of the recruitment of ATGL in 
EAT immunostained with PLIN1 and ATGL treated with or 
without for ISO (5 μM) for 1 h. Scale bars, 10 μm. 
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Figure 39. ISO-stimulated lipolysis is attenuated 
in PEX5 AKO mice 

 

Ex vivo lipolysis measured by glycerol release of 
EAT tissue treated with or without 5 μM ISO for 1 
h (n = 7 for WT; n = 9 for PEX5 AKO). Data 
represent the mean ± SD; ****P < 0.0001 vs. WT-
CON, ##P < 0.01 group in two-way ANOVA 
followed by Turkey’s post-hoc test. 
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Figure 40. Knockdown efficiency of PEX5, ATGL, and CGI-
58 upon ISO 

 
(A-E) Relative mRNA levels of PEX5, CGI-58 and ATGL in 
adipocytes 48 h after siRNA transfection. Single siRNA 
transfection (A), PEX5 and ATGL double siRNA transfection 
(B), PEX5 and CGI-58 double siRNA transfection (C), ATGL 
and CGI-58 double siRNA transfection (D), PEX5, ATGL and 
CGI-58 triple siRNA transfection (E). CON, control; ISO, 
isoproterenol. Data represent the mean ± SD; **P < 0.01, ****P < 
0.0001 vs. CON (A) or siNC-CON (D-H), ###P < 0.001, and 
$$$P < 0.001 in one-way ANOVA (A) and two-way ANOVA (D-
H) followed by Turkey’s post-hoc test. 
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Figure 41. PEX5 regulates fasting-induced lipolysis 
in a CGI-58 independent manner 

 
Relative glycerol release from differentiated 
adipocytes 48 h after siRNA transfection. CON, 
control; ISO, isoproterenol. n = 3 for each group. ***P 
< 0.001, ****P< 0.0001 versus control, ###P < 0.001 vs. 
siRNA transfection, $$$P < 0.001 vs. CGI-58 siRNA 
transfection in one-way ANOVA. 
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PEX5 and ATGL might act in the same pathway. The effect of co-suppression of 

CGI-58 and ATGL was similar to that of PEX5 and ATGL knockdown (lane 8). On 

the other hand, PEX5 and CGI-58 co-suppression revealed slight but statistically 

significant additional effects on stimulated lipolysis (lane 5), implying that PEX5 

and CGI-58 would, probably, regulate ATGL-mediated lipolysis through different 

pathways (lanes 3, 4, and 5). Upon ISO, adipocyte CGI-58 protein was dissociated 

from LD surfaces and dispersed into cytoplasm (Figure 42; Subramanian et al., 

2004), which was quite different from the pattern of PEX5. To examine whether 

CGI-58 would influence the translocation of ATGL onto LDs upon fasting signal, 

the subcellular localization of ATGL was investigated in CGI-58-suppressed 

adipocytes. As shown in Figure 43, CGI-58 suppression did not affect ATGL 

translocation onto LDs upon ISO. These data suggest that PEX5 and CGI-58 would 

contribute to stimulated lipolysis through a different mode of action. 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. CGI-58 is quickly dispersed to cytosol upon 
ISO 

 
Representative images of adipocytes immunostained for 
endogenous CGI-58 (green) and PLIN1 (red). CON, 
control; ISO, isoproterenol. Scale bars, 10 μm. 
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Figure 43. CGI-58 suppression has no effect on ATGL 
translocation onto LDs 

 

Representative SIM images of adipocytes immunostained for 
endogenous PEX5 (green) and ATGL (red) 48 h after NC or 
CGI-58 siRNA transfection. CON, control; ISO, isoproterenol. 
Cells were treated with ISO (1 μM) for 1 h. All scale bars, 10 
μm. 
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Ⅳ. Discussion 

In fasted animals, the hydrolysis of stored lipid metabolites needs to be 

precisely regulated for efficient energy production. As futile fatty acid production 

resulting from uncontrolled lipolysis is associated with metabolic dysregulation 

including lipotoxicity, lipase activity has to be tightly fine-tuned in response to 

nutritional status. However, it is not completely understood how lipolysis is 

spatially and temporally modulated during fasting. In this study, I found that 

peroxisomes and peroxisomal protein PEX5 mediate fasting-induced lipolysis by 

modulating ATGL translocation onto LDs. It is of interest to note that the 

interaction between peroxisomes and LDs was increased by fasting cues to provoke 

lipolysis. In addition, PEX5 recognized and escorted ATGL to the contact sites 

between peroxisomes and LDs in a PKA signaling-dependent manner. These 

findings suggest that peroxisomes and peroxisomal protein PEX5 play crucial roles 

in the regulation of energy homeostasis in response to nutritional status (Figure 44). 

In this study, I revealed that peroxisomes rapidly moved toward LDs upon 

fasting signals to facilitate lipolysis. In adipocytes, peroxisomes migrated to LDs 

along microtubules, probably aided by KIFC3, in response to fasting cues, leading 

to the translocation of ATGL to the contact sites between peroxisomes and LDs. 

Although WY promoted overall peroxisomal activity, the physical interaction 

between peroxisomes and LDs was selectively enhanced by fasting signals. These 

findings suggest that the physical contact between peroxisomes and LDs is 

selectively and sensitively upregulated by fasting stimuli. On the other hand, I 

observed that mitochondria, another important organelle for fatty acid oxidation, 

did not rapidly migrate to LDs during nutritional deprivation. It has been recently 
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reported that LD-interacting mitochondria attenuate fatty acid oxidation and 

support LD expansion (Benador et al., 2018). Thus, it is feasible to speculate that 

peroxisomes, rather than mitochondria, rapidly respond to fasting signals to 

initiate catabolic pathways. Although the roles of the physical interaction between 

peroxisomes and LDs in lipid metabolism need to be further investigated, our 

findings suggest that the crosstalk between peroxisomes and LDs is an important 

node in lipolysis initiation upon fasting signals. 

In the basal state, ATGL is present in the cytoplasm as well as on the LD 

surface (Zimmermann et al., 2004). To trigger prompt and fine-tuned lipolysis, 

cytosolic ATGL needs to be translocated onto LDs upon fasting stimuli. While it 

has been reported that ATGL translocates to LDs (Bezaire et al., 2009; 

Granneman et al., 2007; Hashimoto et al., 2012; Wang et al., 2011; Yang et al., 

2010), the underlying mechanisms by which ATGL migrates to LDs are largely 

unknown. For the recruitment of ATGL at the contact sites between peroxisomes 

and LDs, it seems that certain mediator(s) might be required to escort ATGL. In 

this study, I revealed that peroxisomal protein PEX5 has an evolutionarily 

conserved role in peroxisome-mediated ATGL translocation onto LDs upon 

fasting. In C. elegans, PRX-5 suppression via RNAi restored intestinal lipid 

contents in ATGL-1-overexpressing transgenic worms, implying that PRX-5 

might be involved in ATGL-1 dependent lipolysis. Furthermore, I found that 

PEX5 interacted with ATGL, and the interaction was elevated by fasting signals, 

such as PKA activation. Consistent with the data from worm study, suppression of 

mammalian PEX5 attenuated the translocation of ATGL onto LDs upon fasting 

signals, leading to a decrease in stimulated lipolysis. Notably, the recruitment of 
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ATGL onto LDs during nutritional deprivation was defective in PEX5 AKO mice. 

Consistent with our findings, it has been reported that aP2-Pex5 KO mice reduce 

the level of FFA in WAT under starvation condition (Martens et al., 2012). 

Together, these data evidently suggest that PEX5 can escort ATGL onto LDs at 

the contact site between peroxisomes and LDs during fasting. 

Like ATGL, HSL also translocated to the LD surface by β-adrenergic 

stimulation to hydrolyze TGs to DGs. Moreover, suppression of PEX5 attenuated 

translocation of HSL upon ISO treatment. Intriguingly, HSL also contains ARL 

motif like ATGL. Although it remains to be elucidated how PEX5 can recognize 

and translocate HSL upon fasting via a PTS1 dependent or independent manner, it 

appears that PEX5 is involved in translocation of both ATGL and HSL in response 

to fasting stimuli. 

CGI-58 acts as a coactivator of ATGL to mediate stimulated lipolysis 

(Subramanian et al., 2004), and the colocalization of ATGL and CGI-58 is 

increased by lipolytic stimuli (Granneman et al., 2007). However, it has been 

recently shown that stimulated lipolysis is not completely blocked in CGI-58-

deficient mice (Lord et al., 2016). Although CGI-58 is important for the hydrolase 

activity of ATGL, it appears that CGI-58 does not confer whole lipase activity of 

ATGL in fasting-induced lipolysis. Thus, it is plausible to assume that there might 

be other pathway(s) to promote ATGL during fasting-induced lipolysis. Here, I 

showed that PEX5 and CGI-58 independently contribute to stimulated lipolysis 

with ATGL. Although further studies are required, it seems that ATGL might be 

sequentially regulated by two proteins, PEX5 and CGI-58; PEX5 ushers ATGL to 

LDs and subsequently, CGI-58 stimulates the activity of the recruited ATGL to 
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boost fasting-induced lipolysis. Taken together, I propose a novel pathway in which 

PEX5 spatiotemporally regulates ATGL-mediated lipolysis at the contact points 

between peroxisomes and LDs, independent of CGI-58. 

Dysregulation of lipolysis causes several metabolic diseases (Porporato, 

2016; Savage, 2009; Zechner et al., 2012). For instance, ATGL deficiency leads to 

neutral lipid storage disease (NLSD), which is an autosomal recessive disorder 

characterized by abnormal cytosolic TG accumulation in multiple tissues (Fischer 

et al., 2007; Schweiger et al., 2009). In this study, I found that PEX5 was required 

for ATGL-mediated lipolysis. Furthermore, human PEX5 mRNA expression was 

closely linked with that of lipolytic genes, including ATGL, in human GTEx 

analysis, implying that PEX5 may be associated with metabolic diseases, such as 

lipolysis dysregulation. Consistently, it has been reported that liver-specific PEX5 

deletion induces hepatic steatosis due to lipid accumulation, one of the symptoms 

of NLSD (Peeters et al., 2011). Therefore, it seems that PEX5 mediated lipolysis 

might be a potential therapeutic target to treat human metabolic diseases involved 

in lipolysis dysregulation, such as NLSD. 

In conclusion, I showed that the peroxisomal protein PEX5 mediates 

fasting-induced lipolysis by recruiting ATGL onto LD surfaces upon fasting stimuli. 

For an efficient and immediate response to meet energy demands upon fasting cues 

in animals, it is likely that the interaction between peroxisomes and LDs is timely 

increased through migration of the peroxisomes to LDs, which is mediated by 

microtubules and KIFC3, and PEX5-ATGL complex translocates to the contact 

points between peroxisomes and LDs (Figure 44). Therefore, these data suggest 

that peroxisomes and PEX5 would form a novel axis for lipid homeostasis in 
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response to fasting signals, which might provide clues for the development of 

therapies against metabolic diseases associated with lipid dysregulation. 
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Figure 44. Working model 
 
During fasting, peroxisomes move to LDs via microtubule, and this 
movement is mediated by KIFC3 (a). PEX5 recognizes and binds to ATGL 
(b). Then, PEX5-ATGL complex translocates to the contact points between 
peroxisomes and LDs, eventually leading to fasting-induced lipolysis (c). 
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Ⅴ. PERSPECTIVE 

Subcellular organelles often collaborate with neighboring organelles for 

their efficient cellular functions. Because lipolysis occurs on the surface of LDs, it 

is reasonable to speculate that lipolysis might be affected by subcellular organelles 

interacting with LD. Among several physical interactions between subcellular 

organelles, the contact between peroxisomes and LDs seems to be important for the 

regulation of lipolysis. In this study, I observed that peroxisomes quickly moved 

toward LDs in response to fasting signals, leading to stimulate lipolysis. Although 

it remains to be elucidated how peroxisomes might be involved in catabolic 

processes after lipolysis upon fasting signal, it is likely that peroxisomes might be 

associated with ATP synthesis by facilitating fatty acid oxidation. Recently, it has 

been reported that the contact between peroxisomes and mitochondria stimulates 

the transport of acetyl-CoA from peroxisomes to mitochondria (Shai et al., 2018). 

Also, peroxisomes have carnitine acyltransferase activity, which is required for 

converting fatty acyl CoAs to acylcarnitines so that they can be transferred to 

mitochondria for further oxidation. Furthermore, peroxisomes oxidize very long 

chain fatty acids or branched fatty acids which cannot be oxidized by mitochondria 

(Lodhi and Semenkovich, 2014). Thus, it is feasible to postulate that the contact 

between peroxisomes and LDs could provide fatty acyl CoA to mitochondria for 

ATP synthesis, by initiating lipolysis and preferentially oxidizing fatty acids. 

Accordingly, it appears that the contact between peroxisomes and LDs might play a 

leading role in the maintenance of energy balance. 

A series of catabolic processes upon fasting cues rapidly turns on lipolysis. 

Tight regulation of lipolysis is important for an efficient energy supply during a 
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catabolic process. Here, I found that PEX5 regulates fasting-induced lipolysis via 

mediating translocation of lipases including ATGL and HSL to LDs. In addition, 

suppression of PEX5 attenuated translocation of ATGL and HSL onto the surface 

of LDs upon fasting stimuli. In accordance herewith, PEX5 AKO mice showed the 

reduction of translocation of ATGL onto LD surfaces, resulting in impairment of 

fasting-induced lipolysis. Although I focused on investigating the role of PEX5 in 

stimulated lipolysis in adipocytes, ATGL-mediated lipolysis also plays important 

roles in nonadipose tissues (Haemmerle et al., 2006; Zechner et al., 2012). 

Accordingly, translocation of ATGL to LDs mediated by PEX5 might be a critical 

axis to generate energy in a high energy demanding tissues such as a heart, muscle, 

and liver.  

Taken together, I suggest that peroxisome and PEX5 would be a novel axis 

for lipolysis in response to fasting signals, which might shed lights to provide clues 

for the understanding of the molecular mechanism of lipid homeostasis control. 
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국문 초록 

에너지 항상성 유지 과정중, 단식은 에너지원을 생성하기 위하여 

지방대사물의 분해를 포함한 다양한 생리학적 변화를 유도한다. 

트리아실글리세롤을 유리지방산과 글리세롤로 가수분해하는 과정인 지방대사물 

분해과정은 지방소체의 표면에서 일어난다. 지방대사 조절에 중요한 지방소체는 

근접한 여러 세포내 소기관과 물리적 접촉을 통해 서로 교신함으로써 

지방대사를 조절한다. 하지만 이러한 세포내 소기관과 지방소체 간의 

상호작용이 지방대사물 분해과정과 연관있는지에 대해서는 밝혀진 바가 없다. 

본 연구는 세포내 소기관 중 하나인 퍼옥시좀이 단식상황에서 

활성화되는 지방대사물 분해과정을 촉진하는데 중요한 역할을 한다는 것을 

규명하였다. 흥미롭게도 퍼옥시좀과 지방소체 간의 물리적 상호작용이 단식 

자극에 의해서 선택적으로 증가하였고, 이는 지방대사물 분해과정을 촉진하였다. 

단식조건에서 지방세포의 모터 단백질인 KIFC3는 미세소관 의존적인 

퍼옥시좀의 이동을 매개하며, 그 결과 지방대사물 분해효소인 ATGL이 

지방소체로 이동하도록 도움을 줄 수 있음을 발견하였다. 

지방대사물 분해과정은 에너지원을 생성하기 위하여 영양상태에 따라 

정교하게 조절되어야 한다. 따라서 지방대사물 분해과정의 효율적인 제어를 

위해서는 영양상태에 따른 지방대사물 분해효소의 세포내 위치 변화가 

엄격하게 통제되어야 한다. 본 연구를 통하여 단식조건에서 퍼옥시좀 단백질인 

PEX5가 ATGL을 지방소체로 이동시키는 현상을 발견하였고, 이 현상이 

진화적으로 보존된 현상임을 규명하였다. PEX5의 예쁜꼬마선충 ortholog인 

PRX-5가 ATGL-1에 의한 지방대사물 분해 과정에 필요함을 관찰하였다. 또한 

protein kinase A (PKA)를 활성화시키는 단식 신호자극에 의해서 PEX5와 
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ATGL 간의 상호결합이 증가한다는 것을 관찰하였다. 더욱이, PEX5는 ATGL과 

결합하여 ATGL을 퍼옥시좀과 지방소체가 물리적으로 접촉하는 위치로 

이동시킴을 관찰하였다. 이와 관련하여, 지방세포 특이적으로 PEX5가 녹아웃된 

생쥐에서는 단식 상황에서 ATGL이 지방소체로 이동하지 못하는 현상을 

관찰하였다.  

이상의 연구 결과들을 종합하여 볼 때, 에너지 항상성을 유지하기 

위하여 퍼옥시좀과 지방소체 간의 물리적 상호작용은 PEX5에 의한 지방대사물 

분해효소의 시공간적 이동을 제어하는데 핵심적 역할을 할 것이라고 제안한다.  
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야기를 나누고 제 미래 설계에 많은 영향을 주고 있는 좋은 형이자 술친구인 

최성식 형, 감사합니다. 랩매니저로 누구보다 힘들고 어려운 일을 맡고 있어

도 항상 밝은 모습으로 척척 일처리 해주는 송민선 누나 감사합니다. 막내가 

익숙한 저와 첫 부사수로 인연을 맺어서 많은 고생하면서도 여전히 밝게 실

험실 생활하고 있는 지율에게 감사의 말을 전하고 싶습니다. 입학 이후 가장 

오랫동안 동고동락했고 착한 마음을 지닌 황인재 형, 학부 때부터 13년 동안 

인연을 맺고, 같이 보드타러 다니면서 같이 생고생한 김종인 형, 감사 드립니

다. 한 학기 후배로 들어와서 매번 싸우면서 친해진 박윤정 누나, 젊은 날 뭐

든 다 해주겠다던 술로 친해진 신경철 형, 감사합니다. 또한 선배들의 장난에 



마음고생 했을 테지만 이제는 어엿한 선배 포스 풍기는 손지형, 겉으로는 당

돌해 보이나 속마음은 여린 착한 한지슬, 사람들의 짖궃은 장난을 웃어 넘길 

줄 아는 마음 넓은 박제우, 선, 후배 가리지 않고 열심히 도와주는 전용근, 

후배들을 따뜻하게 챙기는 김예영, 그리고 묵묵히 열심히 실험실 생활하는 남

궁한, 한경희, 김지원 모두 감사합니다. 여러분의 도움을 잊지 않고 가슴 속 

깊이 새겨 두겠습니다. 

사실, 9년 동안의 석•박사 과정이 순탄하지만은 않았습니다. 언제 졸

업하느냐, 너무 늦어지는 것 아니냐, 등의 질문 한 번 하시지 않고 묵묵히 제 

가는 길을 응원해 주신 부모님, 정말 감사합니다. 부모님의 희생이 없었다면 

지금의 제가 존재하지 않았을 겁니다. 평소에 쑥스러워 잘 하지 않는 말이지

만 부모님, 사랑합니다. 그리고 30대까지 학업에 매진한 저와 달리, 대학 졸

업 이후에 바로 취직하고 누구보다 열심히 살고 있는 가족의 든든한 맏이 우

리 누나, 감사합니다. 바쁘다는 이유로 자주 찾아 뵙지 못해도 학업에 열중할 

수 있도록 늘 응원해 주시는 장인어른, 장모님, 이 자리를 빌어 감사의 인사

를 드립니다. 잘 챙겨주지 못해도 항상 웃는 얼굴로 형부를 추켜세워주는 우

리 송이, 아라 처제 고마워. 그리고, 제 까다로운 성격을 다 받아주고 저를 

위해 늘 희생을 마다하지 않는 사랑하는 아내, 보미에게 깊은 사랑과 감사의 

마음을 전합니다. 

과학의 길을 올바르게 걸을 수 있도록, 그리하여 많은 사람들에게 도

움이 되는 삶을 살 수 있도록 최선을 다하여 노력하겠습니다. 제게 도움을 주

신 많은 분들께 다시 한 번 감사의 인사를 드리며 이 글을 마치겠습니다. 
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