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ABSTRACT 

INVESTIGATION OF MOLECULAR MECHANISMS OF LIPID DROPLETS 

CATABOLIC PATHWAYS AND THEIR INTERACTIONS IN ICHTHYOSIS 

DISEASE 

 

Hale Kesim 

Molecular Biology, Genetics, and Bioengineering, Master of Science, 2021 

Thesis Supervisor: Assoc. Prof. Özlem Kutlu 

 

Keywords: Lipid droplets, Ichthyosis, Lipolysis, Chaperone-mediated Autophagy, 

Lipophagy 

 

In cells, excessive lipids are stored as neutral lipids in an organelle called lipid droplets 

(LDs) to prevent lipotoxicity. In recent years, the importance of these droplets in lipid 

metabolism, cell signaling, and membrane trafficking was proven with the identification 

of over 150 proteins on LD surfaces. Additionally, LDs can be catabolized and used as 

an energy source in the need of energy by three mechanisms, namely lipolysis, chaperone-

mediated autophagy (CMA), and lipophagy. Autosomal recessive congenital ichthyosis 

(ARCI) is a non-syndromic form of ichthyosis, resulting in scaly skin, dehydration, and 

electrolytic imbalance. Many genes, causing ARCI disease, have been proven to be 

involved in abnormal lipid metabolism and associated with LD accumulation. Patatin-

like phospholipase domain containing-1 (PNPLA1) is a protein that involves in 

phospholipid metabolism and a mutation in this gene causes the development of ARCI 

pathology. For a better understanding of the effect of PNPLA1 gene mutations on LD 

metabolism, LD catabolic pathways and their interactions were investigated in this master 

thesis. Therefore, lipolysis, CMA, and lipophagy mechanisms of fibroblast cells derived 

from ARCI patients that have p.D172N mutation were analyzed. Localization of LDs 

with lipolysis-, lipophagy- and CMA-related proteins in fibroblast cells compared to 

healthy fibroblasts were checked under confocal microscopy by labeling protein of 

interest with different fluorophores. In addition, the amount of protein expression was 

analyzed by immunoblotting, and the change in the gene regulation was determined by 

RT-qPCR. As a result, it was found that PNPLA1 gene mutation in ARCI patient cells 

shows aberrant LD accumulation and sizes due to the defective lipolysis and lipophagy 

mechanism, demonstrating the crucial role of PNPLA1 protein in catabolic regulation of 

LDs. 
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ÖZET 

İKTİYOZ HASTALIĞINDA YAĞ DAMLACIKLARI YIKIM 

MEKANİZMALARININ BİRBİRLERİ İLE ETKİLEŞİMLERİNİN MOLEKÜLER 

DÜZEYDE ARAŞTIRILMASI 

Hale Kesim 

Moleküler Biyoloji, Genetik ve Biyomühendislik, Yüksek Lisans Tezi, 2021 

Tez Danışmanı: Doç. Dr. Özlem Kutlu 

 

Anahtar kelimeler: Lipid Damlacıkları, İktiyoz, Lipoliz, Şaperon aracılı otofaji, Lipofaji 

 

Hücreler tarafından fazla miktarda alınan lipitler, lipotoksisiteyi önlemek amacı ile lipit 

damlacıkları (LD’ler) adı verilen bir organelde nötr lipidler olarak depolanırlar. Son 

yıllarda, bu damlacıkların lipid metabolizmasında, hücre sinyal mekanizmasında ve 

membran trafiğindeki önemi, LD yüzeyinde tanımlanan 150’den fazla protein ile 

kanıtlanmıştır. Hücrelerde bir enerji ihtiyacı meydana geldiğinde bu damlacıklar enerji 

kaynağı olarak kullanabilmektedir. Bu sebeple LD’lerin yıkımı lipoliz, şaperon aracılı 

otofaji (CMA) ve lipofaji olmak üzere üç temel mekanizma ile gerçekleştirilir. Otozomal 

resesif konjenital iktiyoz (ORKİ), pullu deri, dehidrasyon ve elektrolitik dengesizlik ile 

sonuçlanan sendromik olmayan bir iktiyoz şeklidir. ORKİ hastalığına neden olan birçok 

genin anormal lipid metabolizmasına dahil olduğu ve LD birikimi ile ilişkili olduğu 

kanıtlanmıştır. Patatin benzeri fosfolipaz alanı içeren-1 (PNPLA-1), fosfolipid 

metabolizmasında yer alan bir proteindir ve bu gende meydana gelen bir mutasyon ORKİ 

patolojisinin gelişmesine neden olmaktadır. Bu yüksek lisans tezinde PNPLA1 gen 

mutasyonlarının LD metabolizması üzerindeki etkisinin daha iyi anlaşılması için LD 

katabolik yolakları ve bunların etkileşimleri araştırılmıştır. Bu nedenle, p.D172N 

mutasyonuna sahip ORKİ hastalarından elde edilen fibroblast hücrelerinin lipoliz, CMA 

ve lipofaji mekanizmaları analiz edilmiştir. Sağlıklı fibroblast hücreleri ile kıyaslayarak 

ORKİ hastalarının fibroblast hücrelerinde lipoliz, lipofaji ve CMA ile ilişkili proteinlerle 

LD’lerin lokalizasyonu incelenmiştir. İlgili proteinler farklı floroforlar ile işaretlenerek 

konfokal mikroskopi altında analiz edilmiştir. Ek olarak, protein ekspresyonlarıni 

belirlemek için immunoblot yöntemi kullanılırken gen düzenlemesindeki değişiklikleri 

belirlemek amacı ile RT-qPCR analizleri yapılmıştır. Sonuç olarak, ORKİ hasta 

hücrelerinde PNPLA1 gen mutasyonunun, kusurlu lipoliz ve lipofaji mekanizması 

nedeniyle anormal LD birikimi ve boyutları gösterdiği bulunmuştur. Bu sonuçlar, 

LD’lerin yıkım mekanizmalarının regülasyonunda PNPLA1 proteininin önemli bir rolü 

olduğunu ortaya koymaktadır.  
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1. INTRODUCTION 

 

1.1. Lipid Droplets 

 

Lipids are one of the fundamental components of cells for various organisms. However, 

when there is an excessive amount of lipids, these lipids cause a lipotoxic effect in the 

cells. Therefore, they are converted to neutral lipids and stored in a specific organelle 

called lipid droplets (LDs). The existence of LDs has been identified with the early years 

of light microscopy (Jarc & Petan, 2019; Walther & Farese, 2012; Xu, Zhang, & Liu, 

2018). In the beginning, they were known as inert depots, which can be used in the 

absence of an energy source for producing energy and surviving. Surprisingly, proteomic 

analysis of LDs revealed that apart from being inert depots, they also have important roles 

in the cells such as maintaining energy homeostasis, protein degradation and storage, 

membrane trafficking, and cell signaling (Cohen, 2018; Meyers, Weiskittel, & 

Dalhaimer, 2017; Ohsaki, Suzuki, & Fujimoto, 2014; Xu et al., 2018). Moreover, it was 

known that LDs can be a platform for viral replication, and the required energy for this 

process can be supplied from them (Renne, Klug, & Carvalho, 2020; Welte, 2015).  

 

LDs are unique and dynamic organelles derived from the endoplasmic reticulum (ER) 

and conserved for many years among various organisms (Hugenroth & Bohnert, 2020; 

Renne et al., 2020). They consist of a hydrophobic core that is surrounded by a 

phospholipid monolayer with a vast number of proteins (Fig.1-1). Their cores contain 

neutral lipids, predominantly triacylglycerol (TAG) and sterol esters (SE). Dependent on 

the cell type, the ingredient and the ratio of the core components might differ. 

Furthermore, LDs can store other endogenous neutral lipids such as retinyl esters, ether 
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lipids, waxes, and free cholesterols (Gao, Huang, Song, & Yang, 2019; Gizem Onal, 

Kutlu, Gozuacik, & Dokmeci Emre, 2017; Walther, Chung, & Farese, 2017). 

 

 

 
 

Figure 1-1: Structure of Lipid Droplets. LDs are an organelle which, consists of a 

hydrophobic core storing neutral lipids such as TAG and SE surrounded by a 

phospholipid monolayer. Additionally, PLIN proteins are located on these droplet 

surfaces and they protect LDs from degradation. Other types of proteins involved in lipid 

metabolism, membrane trafficking, and signaling can be found on LD surfaces. 

 

In LDs, the composition of their membranes is also crucial and has an effect on their 

synthesis, maturation, and catabolism through the lipophagy pathway. It was reported that 

the changes in the ratio between these components affect the regulation of the droplets 

(Gizem Onal et al., 2017). Unlike other cell membranes, the surface of LDs possesses a 

monolayer membrane structure that comprises amphiphilic lipids, which are generally 

phospholipids. In mammalian cells, their membranes are mainly constituted from 

phosphatidylcholine (PC) and that’s followed by phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM), lyso-PC, and 

lyso-PE. They can also have free cholesterol and phosphatidic acid in little amounts 

(Olzmann & Carvalho, 2019; Gizem Onal et al., 2017; Walther et al., 2017). In the 

structure, the acyl group of these phospholipids interacts with the hydrophobic core lipids 

of LDs, while their polar groups interact with the cytosol. Thus, the hydrophilic surface 

of the droplets enables the movement of the core components throughout the cytoplasm. 

Moreover, these membrane phospholipids act as surfactants with decreasing the surface 
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tension of LDs therefore, increasing the stability of the droplet in aqueous environments 

(Meyers et al., 2017; Olzmann & Carvalho, 2019).  

 

LD surfaces are decorated with a wide variety of proteins and proteomic analysis 

conducted using different species showed that over 150 proteins reside on these droplets. 

According to their functions, the proteins can be classified into subgroups (Gizem Onal 

et al., 2017). In mammalian cells, LD surfaces are mostly composed of LD structural 

proteins that regulate their functions and help to preserve their morphology. These 

proteins mostly consist of PAT family members PLIN, or perilipin, that have 5 members 

in mammals (PLIN1-5). PLINs are the key proteins protecting the LDs from lipolysis by 

inhibiting the access of lipases into the LDs core (Nettebrock & Bohnert, 2020; Gizem 

Onal et al., 2017). In contrast to PLIN2 and PLIN3 that are expressed in all the tissue 

types, the expression of other PLINs can be limited with some tissues. Additionally, 

PLINs can be either cytosolic or localized (PLIN1 and PLIN2) on the LD surfaces 

(Sztalryd & Brasaemle, 2017; Xu et al., 2018).  

 

Another type of proteins found on LDs are lipid metabolism-related proteins such as long-

chain fatty acid CoA ligases (ACSL), diacylglycerol transferase enzymes (DGATs), and 

acyl-CoA: cholesterol acyltransferase enzymes (ACATs), which are functioning in LD 

biogenesis, patatin-like phospholipase domain protein 2 (PNPLA2), hormone-sensitive 

lipases and monoacylglycerol lipases (MAGLs) that are functioning in LD breakdown 

(Gizem Onal et al., 2017; Xu et al., 2018). LDs also have proteins regulating membrane 

trafficking such as Rab proteins and SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) that assists the LD fusion. Moreover, signaling proteins 

(such as MAPKs, PKC, and PI3K) and proteins mediate protein degradation. For 

example, ancient ubiquitous protein 1 (AUP1) has been shown to localize on LDs (Gizem 

Onal et al., 2017; Spandl, Lohmann, Kuerschner, Moessinger, & Thiele, 2011; Xu et al., 

2018). In addition to these protein subgroups, there are ribosomes proteins, histones, and 

cytoskeletal proteins that have been shown to find on LDs (Jones, 2012; Gizem Onal et 

al., 2017; Xu et al., 2018; Zehmer et al., 2009).   

 

The formation of LDs can be taken place via fission of preformed LDs or de novo in ER. 

The process can be induced when there are excess free fatty acids inside the cells. LD 

biogenesis is initiated by the synthesis of neutral lipids and requires the activation of free 
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fatty acids by coenzyme A synthetase (esterification of free fatty acids to acyl-

CoA)(Cohen, 2018; Gizem Onal et al., 2017; Schuldiner & Bohnert, 2017). In mammals, 

TAG synthesis is a multistep enzymatic process and requires the enzymes glycerol-3-

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

(AGPAT), phosphatidate phosphatase (PAP), diglyceride acyltransferase (DGAT). In the 

end, activated free fatty acids, acyl-CoAs, are turned into TAGs with the help of DGAT1 

and DGAT2 enzymes. On the other hand, SE synthesis is taken place through acetyl-CoA 

cholesterol acetyltransferases ACAT1 and ACAT2 (Gao et al., 2019; Ohsaki et al., 2014; 

Gizem Onal et al., 2017; Wilfling, Haas, Walther, & Farese, 2014).  

 

The synthesis of TAG or SE is enough to start the formation of LDs. Due to their 

hydrophobic nature, these synthesized neutral lipids disperse into the leaflets of ER, 

however, when their concentrations exceed a critical point, they start to coalesce and form 

oil lens-like structures at the distinct sites of ER due to demixing (Henne, Reese, & 

Goodman, 2019; Hugenroth & Bohnert, 2020; Olzmann & Carvalho, 2019; Renne et al., 

2020). These lenses might fuse since the surface-to-volume ratio is decreased when they 

fuse into larger lenses. Hence, the cytosolic leaflets of ER initiate budding through the 

cytosol named as directional budding. In this process, ER membrane lipid content, surface 

tension, line tension, and monolayer curvature are crucial mediators (Gao et al., 2019; 

Renne et al., 2020). Additionally, fat storage-inducing transmembrane proteins (FIT), 

seipin, Pex30, and PLIN1 have been shown to indicate the site of biogenesis and assist 

the budding. It was shown that mutated proteins have an impact on LD formation 

efficiency and their morphologies (Barneda & Christian, 2017; Nettebrock & Bohnert, 

2020; Olzmann & Carvalho, 2019). Moreover, it was revealed that during budding, FIT2 

can directly bind to DAG and TAG, supporting the idea that FITs can be an inducer for 

the budding of LDs through direct interactions with DAG and TAG. However, how these 

proteins affect LD formation is still not clear (Gross, Zhan, & Silver, 2011; Olzmann & 

Carvalho, 2019).  

 

After the budding, LDs continue expanding via continuous neutral lipid synthesis in ER, 

the enzymes found on the droplet surfaces or fusion with the previously formed LDs. 

Additionally, expansion of LDs requires extra phospholipids necessary for their 

membranes and that is supplied from ER membranes. During the expansion, LD-specific 

proteins start to localize on the droplet surfaces. In the last step, newly formed LDs can 
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stay in contact with ER or can be released into the cytosol (Olzmann & Carvalho, 2019; 

Gizem Onal et al., 2017; Renne et al., 2020). 

 

 

1.2. Catabolic pathways of LDs 

 

1.1.1. Lipolysis 

Cells can use lipids as an energy source when they have metabolic needs. However, TAGs 

cannot pass into the cells without their hydrolysis to free fatty acids, therefore, they 

undergo a process called lipolysis (Kong et al., 2020; R. Zechner et al., 2012). Lipolysis 

is a catabolic process, in which TAGs are degraded to glycerol and three fatty acids by 

cytoplasmic lipases. Additionally, TAGs, stored inside the LDs, can be hydrolyzed via 

neutral lipolysis at pH~7 (Rudolf Zechner, Madeo, & Kratky, 2017; Zembroski & 

Buhman, 2020). There are three lipases important for this process, which are adipose 

triglyceride lipase (ATGL/PNPLA2), hormone-sensitive lipase (HSL), and 

monoacylglycerol lipase (MAGL), respectively. They result in the sequential hydrolysis 

of TAGs to their constituents. ATGL has a strong activity to hydrolyze TAG and weak 

activity on retinyl esters, whereas, HSL has high activity on DAG (diacylglycerol) and 

cholesterol esters and less activity on TAG, MAG (monoacylglycerol), and retinyl esters 

(Jarc & Petan, 2019; Sztalryd & Brasaemle, 2017; C.-W. Wang, 2016; T. Wang et al., 

2020).  

 

During basal or fed conditions, ATGL and HSL are predominantly found in the 

cytoplasm, however, MAGL, perilipin 1, and ATGL co-activator CGI-58 (comparative 

gene identification-58) bind to LD surface (Meyers et al., 2017). Perilipin 1 stimulates 

the storage of TAGs and protects their lipolysis through the binding to CGI-58 

(Dalhaimer, 2019; Sztalryd & Brasaemle, 2017; Walther & Farese, 2012). Under 

starvation conditions, the nutrient-sensing signaling pathways trigger the activation of 

protein kinase A (PKA) via its phosphorylation, and this results in the phosphorylation of 

perilipin 1 at two serine residues (S492 and S517), leading to the release of CGI-58 into 

the cytoplasm (Meyers et al., 2017; Thiam, Farese Jr, & Walther, 2013; Yu & Li, 2017). 

Subsequently, ATGL localizes to LD surfaces during the stimulation of lipolysis and 
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CGI-58 binds to the N-terminus of ATGL to active the lipases for the hydrolysis of TAG 

(Meyers et al., 2017; Thiam et al., 2013).  As a result, activated ATGL hydrolyzes the 

TAGs to diacylglycerols (DAGs) and a fatty acid. On the other hand, activated PKA also 

phosphorylates HSL at the residues S855 and S951, therefore, leading to its activation. 

HSL is the rate-limiting factor in the hydrolysis of DAG, and with the phosphorylation 

of perilipin 1, activated HSL is recruited to the LD surfaces, resulting in the hydrolysis 

of  DAGs to monoacylglycerols (MAGs) and a fatty acid(Meyers et al., 2017; Gizem 

Onal et al., 2017; Zembroski & Buhman, 2020). In the final step, glycerol and free fatty 

acid are produced from MAG and this process is catalyzed by monoacylglycerol lipases 

(MAGL). Since MAGs are released to the cytoplasm, their hydrolysis is taken place in 

the cytoplasm, therefore MAGLs are not bound to the LD surfaces and act in the cytosol 

during lipolysis (Gizem Onal et al., 2017; Thiam et al., 2013; Walther & Farese, 2012). 

(Fig. 1-2). In adipose tissues, lipolysis products can be released to the bloodstream and 

used as a substrate for β-oxidation to produce energy. However, in the other tissues, these 

can be directly consumed inside the cells with β-oxidation through mitochondria or 

peroxisomes (D'Andrea, 2016; Gizem Onal et al., 2017).  

 
 

Figure 1-2: Lipolysis of Lipid Droplets. When ATGL is activated with the help of its 

coactivator CGI-58, it localizes on LD surface and turns TAG into DAG and free fatty 

acid (FFA). Subsequently, DAG is hydrolyzed to MAG and FFA via HSL. Lastly, MAG 

is released to the cytoplasm and degraded to FFA by MAGL. 
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1.2.1. Autophagy 

 

Autophagy is a well-known catabolic process that contributes to maintaining cell 

homeostasis via the removal of dysfunctional organelles and macromolecules from the 

cell. The major goal of the process is recycling essential nutrients into cells for reuse in 

critical cellular processes under stress conditions such as nutrient deprivation, oxidative 

stress, and growth factor deficiency. For this reason, cytoplasmic materials are degraded 

by lysosomes. There are 3 main autophagic pathways; namely, macroautophagy, 

microautophagy, and chaperon-mediated autophagy (CMA) (Dikic & Elazar, 2018; 

Kocaturk et al., 2019).  

 

In microautophagy, a portion of the cytoplasm is engulfed by lysosomal membranes, and 

these components are degraded via lysosomal enzymes. In the second autophagic 

pathway CMA, proteins that have KFERQ motifs are selectively targeted to lysosomes 

via chaperon proteins, eventually leading to selective degradation of these proteins (Y. 

Yang & Klionsky, 2020).  

 

Macroautophagy is one of the major catabolic pathways and in this pathway, double-

membrane vesicles, which are called autophagosomes form and engulf the targeted 

substrate. Macroautophagy can be either selective or bulk. A part of the cytoplasm is 

targeted non-selectively for degradation in the bulk autophagic pathway. In contrast, 

selective autophagy targets specific cellular components such as mitochondria, ER, and 

ribosomes for their specific degradation via autophagic machinery (Kocaturk et al., 2019; 

Y. Yang & Klionsky, 2020). Macroautophagy takes place in 5 steps: initiation, nucleation 

of the membrane, phagophore formation and expansion, autophagosome-lysosome 

fusion, and degradation of cargo inside autolysosome (Fig 1-3) (Hansen, Rubinsztein, & 

Walker, 2018; Kocaturk et al., 2019). 

 

Autophagy is regulated via cellular sensors important in maintaining the energy 

homeostasis of cells, which are AMP-activated kinase (AMPK) and the mechanistic 

target of rapamycin (mTOR). Under stress conditions, the mTOR complex is inhibited 

whereas, AMPK is activated due to the change in ATP/ADP ratio, which subsequently 

leads to activation of Unc-51-like kinase 1 (ULK1) initiation complex through 
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phosphorylation. Thus, the class III phosphatidylinositol 3-kinase (PI3K) complex 

becomes activated via the ULK1 initiation complex and this complex stimulates 

membrane nucleation. VPS34, which is a component of PI3K complex, mediates the 

production of phosphatidylinositol 3-phosphate (PI3P) that is critical in the recruitment 

of phosphatidylinositol 3-phosphate (PI3P)-binding domain-containing autophagic 

proteins such as WIPI1–4 and DFCP1, during phagophore formation.  Recruitment of 

PI3P-binding domain-containing proteins results in the binding of other types of 

autophagy-related proteins (ATGs) that are responsible for membrane expansion and 

autophagosome formation (Dikic & Elazar, 2018; Hansen et al., 2018; Kocaturk et al., 

2019).  

 

 

Figure 1-3: Mechanism of Macroautophagy. Under stress or starvation conditions, 

with the help of AMPK activation and mTOR inhibition, autophagy is initiated. 

Subsequently, membrane nucleation is taken place and phagophore is formed around the 

substrate to be degraded. When phagophore is extended and form autophagosome, this 

autophagosome fuses with lysosome, forming autolysosomes. In the last step, the 

substrate is degraded inside the autolysosomes via lysosomal enzymes. 

 

 

In phagophore expansion, two ubiquitin-like conjugation systems are important. In the 

first system, ATG7 and ATG10 act as E1 and E2 conjugating enzymes. These enzymes 

catalyze the generation of the ATG12 conjugation system that acts as an E3-like enzyme 

for the LC3 conjugation system. In the LC3 conjugation system, LC3 is cleaved via ATG4 
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to form LC3-I and this stimulates the conjugation of phosphatidylethanolamine (PE) to 

the protein, resulting in LC3-II formation. Subsequently, the lipidated form of LC3 is 

integrated into autophagosomal membranes and this leads to autophagosome formation. 

After autophagosome formation, it fuses with lysosomes, and formed autolysosomes. In 

autolysosomes, targeted molecules are degraded via lysosomal enzymes and essential 

components are recycled into cells (Hansen et al., 2018; Kocaturk et al., 2019).  

 

1.2.1.1. Lipophagy 

 

Recent studies proved the relation between autophagy and lipid droplets catabolism, and 

lipophagy was described as a type of selective macroautophagic pathway that recognizes 

and degrades LDs inside the cells (Kloska, Węsierska, Malinowska, Gabig-Cimińska, & 

Jakóbkiewicz-Banecka, 2020; G. Onal et al., 2019; Schott et al., 2019). This pathway is 

firstly identified in mouse hepatocytes under starvation conditions. LD accumulation and 

a reduction in the β-oxidation of TGs were detected, when lipophagy was inhibited 

chemically (with 3-methyladenine) or genetically (via knocking down of ATG7 and 

ATG5) in these cells. In the same study, knocking down of ATG5 in mouse embryonic 

fibroblast cells was increased the TG content of the cells, confirming that autophagy 

blockage effects and inhibits LD breakdown. Additionally, electron microscopy analysis 

was proved the lipophagic degradation of LDs via LC3 immunogold staining (Gizem 

Onal et al., 2017; Singh et al., 2009). The role of lipophagy in LDs breakdown was 

confirmed using different species and cell types such as yeasts, C. elegans, macrophages, 

neurons, T cells, fibroblast, and prostate carcinoma cells showing that lipophagy is a 

ubiquitous and conserved mechanism among a variety of species (M. B. Khawar, Gao, & 

Li, 2019; Martinez-Lopez & Singh, 2015; Ward et al., 2016).   

 

The exact mechanism of how LDs are recognized in lipophagy is not completely 

understood. However, huntingtin might be a candidate receptor for this recognition, since 

it has a role in the association of p62 with LC3-II and inducing the lipophagy activation 

through the release of ULK1 from the mTOR-ULK1 complex under stress conditions 

(Kounakis, Chaniotakis, Markaki, & Tavernarakis, 2019; Rui et al., 2015). Additionally, 

Rab protein family members, especially Rab7 (Ras-related Protein Rab-7), have been 

shown to play important roles in lipophagy. Rab7 is a key regulator for late endocytic 
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membrane fusion and autophagosome maturation via assisting the association of many 

SNARE proteins and the members of the HOPS tethering complex (Kloska et al., 2020; 

Schulze, Sathyanarayan, & Mashek, 2017). A study with hepatocytes was revealed that 

Rab7 and LD association is increased when the lipophagy is induced during nutrient 

deficiency. A mutant version of Rab7, which has a GTP-binding deficiency, is led to LD 

accumulation in the same cells, suggesting that Rab7 might be a critical LD-localized 

protein regulating hepatocellular lipophagy (Schroeder et al., 2015; Schulze et al., 2017). 

Additionally, it was shown that Rab7 does not directly interact with PLIN1 in adipocytes, 

however, PLIN1 suppresses lipophagy by inhibiting the binding of Rab7 to the LD 

surfaces (Lizaso, Tan, & Lee, 2013). Later, it was found that lipophagy stimulation 

induces degradation of  PLIN1 in Bif-1 (blood-inducing factor 1)-dependent manner, and 

TG breakdown is decreased in Bif-1 defective cells, suggesting Bif-1 might be another 

candidate affecting lipophagy regulation (Muhammad Babar Khawar et al., 2021; Y. Liu 

et al., 2016; Gizem Onal et al., 2017).  

 

Lipophagy and lipolysis are not completely independent pathways, and research has 

proven an association between lipophagy, HSL, and ATGL in LD breakdown. It was 

shown that ATGL has an LC3-interacting region (LIR) and LC3 can interact with this 

protein at the LD surfaces through binding to the residues in the LIR. Under serum 

deficiency, ATGL lacking the LIR is failed to translocate to the surface of LDs, 

confirming that LC3 plays an important role in the ATGL translocation and hence the 

degradation of TAGs (Cui et al., 2021; Martinez-Lopez et al., 2016; Sathyanarayan, 

Mashek, & Mashek, 2017; Schulze et al., 2017). Additionally, it was revealed that 

lysosome and LC3 association with LDs are enhanced via ATGL in hepatocytes and this 

lipase can stimulate lipopagy by inducing the activity of SIRT1, which is an important 

autophagy regulator (Sathyanarayan et al., 2017). Knocking down of ATGL in 

macrophages resulted in a  reduction in the lipophagy activity, showing that ATGL 

mediates the regulation of LD degradation through lipophagy. Furthermore, PNPLA5 has 

been shown to induce lipophagy in different types of cells through generating DAG for 

the synthesis of the autophagosome membranes (M. B. Khawar et al., 2019; Schulze et 

al., 2017). 
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1.2.1.2. Chaperone-Mediated Autophagy 

 

Cellular proteins are continuously in a cycle of synthesis and degradation to maintain 

protein homeostasis for the important cellular events. For this reason, recycling their 

constitutive amino acids is also crucial and can be achieved by several mechanisms 

through proteasomes or lysosomes (Cuervo & Wong, 2014; Kaushik & Cuervo, 2012; W. 

Li et al., 2019). They can be degraded in lysosomes via different autophagic pathways 

such as macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). 

However, CMA has a characteristic mechanism separated from other autophagic 

pathways, since substrate proteins are directly targeted to the lysosomes without any 

vesicle formation (Tasset & Cuervo, 2016; Q. Yang, Wang, & Zhu, 2019). Additionally, 

proteins are the only substrates and these substrates are targeted one by one for the 

degradation with high selectivity (Kaushik & Cuervo, 2015; Kaushik & Cuervo, 2018).  

 

CMA takes place in several steps, which are substrate identification and targeting 

lysosomes, translocation to the lysosomal lumen, and degradation by lysosomal 

proteases. Previous studies proved that not all proteins can be a substrate for this pathway 

and the proteins that have a special motif, called KFERQ-like motif, can be targeted 

(Cuervo & Wong, 2014; Lescat et al., 2020). This motif is flanked by a glutamine (Q) 

and consists of one or two positively charged amino acids like lysine (K) or arginine (R), 

one or two of the hydrophobic amino acids like leucine (L), isoleucine (I), valine (V), or 

phenylalanine (F), and one of the negatively charged amino acids like glutamic acid (E) 

or aspartic acid (D) (Tekirdag & Cuervo, 2018; Q. Yang et al., 2019). Interestingly, 

proteins can complete their motifs later by undergoing phosphorylation, which 

contributes negatively charged residue, or acetylation of K, which acts as Q (Cuervo & 

Wong, 2014; Kaushik & Cuervo, 2018; Q. Yang et al., 2019). Furthermore, KFERQ-

motif can be located in the N-terminal, C-terminal, or center of the proteins, however, for 

CMA activation, this motif should be easily recognizable by Hsc70 chaperones (Kaushik 

& Cuervo, 2012). The motif is recognized and targeted to the lysosomal surface via heat 

shock cognate 70 kDa protein (Hsc70), a cytosolic chaperone, with the help of 

cochaperones such as Hsp90, Hsp40, carboxyl terminus of Hsc70-interacting protein 

(HIP), Hsc70-Hsp90 organizing protein (HOP), and Bcl-associated athonogene 1 protein 

(BAG-1) (Juste & Cuervo, 2019; Kaushik & Cuervo, 2018; Q. Yang et al., 2019).  

 



 

 

 

12 

After targeting, the cytosolic part of the lysosome-associated membrane protein 2A 

(LAMP2A) interacts with the substrate. During binding, the protein is found in its 

monomeric form, however,  multimerization of  LAMP2A is necessary for the substrate 

translocation. Moreover, the Hsp90 protein interacts with this newly formed multimeric 

complex and helps to stabilize it. The unfolding of targeted protein is required for its 

translocation to the lysosomal lumen, even though it is not necessary for LAMP2A 

binding (Cuervo & Wong, 2014; Kaushik & Cuervo, 2018; Tekirdag & Cuervo, 2018). 

To complete the translocation, a form of Hsc70 that resides in the lysosomal lumen is also 

crucial and mediates the process. After substrate reaches the lysosomal lumen, it is 

immediately degraded into their amino acids by lysosomal lumen proteases called 

cathepsin, and multimeric complex disassembles (Juste & Cuervo, 2019; Tekirdag & 

Cuervo, 2018).  

 

The activity of CMA is dynamically changed according to the conditions and increased 

during the stress conditions such as nutrient starvation, oxidative stress, and hypoxia 

(Kaushik & Cuervo, 2018). Therefore, the pathway is under the control of different 

signaling pathways and molecules. Glial fibrillary acidic protein (GFAP) and elongation 

factor 1 alpha (EF1α) modulate the process coordinatively in a GTP-dependent manner. 

GFAP associates with the multimeric complex and stabilizes it. Additionally, a 

phosphorylated form of GFAP (pGFAP) binds to EF1α, which is located at the lysosomal 

membrane. When GTP is present, EF1α is released. Since the affinity of GFAP to pGFAP 

is higher than to the multimeric complex, it leaves from the translocation complex and 

forms a dimer with pGFAP, leading to disassembly of the translocation complex (Cuervo 

& Wong, 2014; Juste & Cuervo, 2019; Kaushik & Cuervo, 2012; Tekirdag & Cuervo, 

2018). 

 

CMA is also regulated through mTORC2/AKT1/PHLPP1 signaling pathway. In this 

pathway, Akt1 leads to the phosphorylation of GFAP at the lysosomal membrane, 

resulting in the inhibition of CMA. Moreover, Akt1 activity is associated with mTORC2 

and PHLPP1 activity. Akt1 phosphorylated by mTORC2 causes the phosphorylation of 

GFAP, whereas, PHLPP1 leads to dephosphorylation of AKT1 and further 

dephosphorylation of GFAP, increasing CMA activity (Kaushik & Cuervo, 2018; 

Tekirdag & Cuervo, 2018; Q. Yang et al., 2019). In addition to this, it was shown that 

retinoic acid receptor alpha (RARα) signaling adversely regulates CMA, and inhibition 
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of this receptor family with chemical compounds like all-trans-retinoic acids or 

genetically has resulted in an enhanced CMA activity (Anguiano et al., 2013; Kaushik & 

Cuervo, 2018; W. Li et al., 2019).  

 

 

 
 

Figure 1-4: Chaperone-mediated autophagic degradation of  PLIN2 and PLIN3. 

PLIN2 and PLIN3 that have KFERQ-like motifs are recognized by Hsc70 proteins and 

targeted to lysosomes for their degradation. When these proteins are delivered to the 

lysosomes, they are recognized by LAMP2 proteins, and subsequently, LAMP2 

multimerization complex is formed for translocation of the substrate proteins. For the 

translocation, the proteins need to be unfolded. After unfolding, these proteins are 

translocated into lysosomes via the multimeric complex that is stabilized by hsc90 

proteins and is degraded with the help of lysosomal enzymes.  

 

In recent years, the importance of CMA on LDs catabolism has been proved. The findings 

showed that LD coat proteins PLIN2 and PLIN3 have the KFERQ-like motifs (LDRLQ 

and SLKVQ respectively) in their sequences and can be removed via CMA (Roberts & 

Olzmann, 2020; Martina Schweiger & Zechner, 2015). Interestingly, blocking of CMA 

has resulted in attenuated interaction of ATGL and lipophagy proteins with LDs, causing 

the accumulation of these droplets inside the cells. Additionally, under nutrient 
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deficiency, the degradation of PLIN2 and PLIN3 are increased, leading to the enhanced 

association of ATGL and lipophagy proteins with LDs. It was reported that the levels of 

PLIN2 and PLIN3 on the LD surface are regulated via CMA and inhibition of this 

pathway is resulted in an increase in the amount of PLIN2 and PLIN3, which are located 

on the surface of the droplets (Kaushik & Cuervo, 2015; Kaushik & Cuervo, 2016; Gizem 

Onal et al., 2017; Martina Schweiger & Zechner, 2015). As a result, when lipolysis is 

induced, PLIN2 and PLIN3 are recognized by hsc70 and removed from the particular 

locations on the LD membrane via CMA, leading to the recruitment of ATGL and 

lipophagy-related proteins for the degradation of LDs. Thus, CMA is critical and acts as 

an upstream regulator for the degradation of LDs via facilitating the recruitment of lipases 

and lipophagy proteins (Fig. 1-4) (Catarino, Pereira, & Girão, 2017; Roberts & Olzmann, 

2020; Ward et al., 2016).  

 

 

1.3. Autosomal Recessive Congenital Ichthyosis (ARCI) and PNPLA1 Gene 

 

Ichthyosis is a heterogeneous group of Mendelian disorders of cornification disease that 

causes a defect in the stratum corneum layer of the epidermis and is mostly characterized 

by dry, scaly skin and hyperkeratosis (Schmuth et al., 2013; Takeichi & Akiyama, 2016; 

Traupe, Fischer, & Oji, 2014; L. Youssefian et al., 2019). The stratum corneum layer of 

the skin mainly consists of corneocytes and intercellular lipids that are derived from 

keratinocytes and these compartments are linked by corneodesmesomes. For the 

formation of this layer, keratinocytes need to undergo a complex differentiation process, 

resulting in the cornification of keratinocytes and the formation of lamellar bodies that 

contain a high amount of intercellular lipids (Feingold & Jiang, 2011; Vahlquist, Fischer, 

& Törmä, 2018).  

 

In the stratum spinosum layer, lipids and proteins are necessary for maintaining the 

function of stratum corneum. These lipids are transported to the stratum corneum layer. 

For this reason, lamellar bodies are formed through the packaging of free fatty acids, 

cholesterols, and glycosylceramides, as well as several enzymes and antimicrobial 

peptides. The release of these lamellar bodies to the intercellular spaces occurs in the 

stratum granulosum layer via the fusion of lamellar bodies with the plasma membrane. 
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Additionally, cholesterol sulfate found in the cytoplasm can freely diffuse into this 

intercellular space. Simultaneous with the generation of lamellar bodies, cornified 

envelope that acts as a scaffold for these bodies is also formed. In this process, loricrin 

and involucrin are crosslinked together with other structural proteins by 

transglutaminases, completing the stratum corneum layer formation. Since ARCI cause 

impairment in stratum corneum, mutations in the many genes that involve in the synthesis 

and metabolism of epidermal lipids, keratinization differentiation, and stratum corneum 

maintenance can be associated with ARCI formation (Akiyama, 2017; Feingold & Jiang, 

2011; Grall et al., 2012; Murase et al., 2020; Sugiura & Akiyama, 2015; Uitto, 

Youssefian, Saeidian, & Vahidnezhad, 2020; Vahlquist et al., 2018).  

 

Ichthyosis has two distinct forms; syndromic ichthyosis and non-syndromic ichthyosis. 

Non-syndromic ichthyosis consists of common ichthyoses and has many subgroups such 

as autosomal recessive congenital ichthyosis (ARCI) and keranitopathic ichthyosis 

(Rodríguez-Pazos, Ginarte, Vega, & Toribio, 2013; Takeichi & Akiyama, 2016; Traupe 

et al., 2014; L. Youssefian et al., 2019). ARCI has 3 major phenotypes: lamellar 

ichthyosis, congenital ichthyosiform erythroderma, and harlequin ichthyosis, which is the 

most severe type of ARCI.  In all types of ARCI, the disorders are encountered only in 

the skin, however, some cases can be lethal for the patients. Common symptoms of ARCI 

types can be listed as scaly skin, dehydration, thermal instability, sepsis, and electrolytic 

imbalance (Akiyama, 2010; Kien et al., 2018; Wendy Li, Oberlin, Wilson, & Haggstrom, 

2020; G. Onal et al., 2019; Vahlquist et al., 2018). Additionally, collodion baby 

phenotype (that is a shiny, tight outer membrane surrounding the whole body and 

disappears later) is generally encountered in the disease. The prevalence of the disease is 

1:200.000 in the US (Richard, 1993). Many genes that are crucial for lipid metabolism 

and the formation of the epidermal barrier were identified as ARCI-associated genes. 

These genes can be listed as ABCA12, ALOX12B, ALOXE3, CASP14, CERS3, 

CYP4F22, LIPN, NIPAL4, PNPLA1, SDR9C7, SLC27A4, and TGM1 (Fachal et al., 

2014; Freedman et al., 2021; Uitto et al., 2020; Leila Youssefian et al., 2017). Mutations 

in ALOXE3 and ALOX, which are lipoxygenases, and TGM1, which is a 

transglutaminase and crosslinks the proteins in the cornified envelope are the most 

frequently encountered mutations in ARCI patients (Pinkova, Buckova, Borska, & 

Fajkusova, 2020).  
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Many of the genes that are involved in ARCI formation are related to acyl ceramide 

synthesis and metabolisms such as CERS3, CYP4F22, and PNPLA1 (Hirabayashi, 

Murakami, & Kihara, 2019). PNPLA1 is a member of the patatin-like phospholipase 

domain-containing protein family which consists of 9 members (PNPLA1-9) in 

mammals. The domain has a unique structure that is α/β/α and Ser-Asp catalytic dyad 

(Hirabayashi et al., 2019; Kienesberger, Oberer, Lass, & Zechner, 2009). All proteins in 

this family include a conserved catalytic patatin domain, which has a consensus lipase 

motif Gly-X-Ser-X-Gly in their N-terminals and shows lipid hydrolase or transacylase 

activity on phospholipids, neutral lipids sphingolipids, and retinol esters (Hirabayashi et 

al., 2019; Kienesberger et al., 2009; G. Onal et al., 2019) (Fig. 1-5). These enzymes 

participate in pathways related to lipid metabolism and are found in a variety of species 

such as mammals, yeasts, and plants (Hirabayashi et al., 2019).  

 

 

Figure 1-5: Schematic representation of PNPLA1 gene.  

 

The gene encoding PNPLA1 protein is located on the 6p21.31 chromosome. PNPLA1 

protein consists of 533 amino acids, including a patatin domain in the residues 16-185 

and a proline-rich hydrophobic region in the residues 326-451 (Fig. 1-5) (Chang et al., 

2013; Hirabayashi et al., 2019). PNLPA1 is able to localize on the LD surfaces. 

Additionally, the catalytic region contains Ser53 and Asp172 (Chang et al., 2013; 

Hirabayashi et al., 2019; G. Onal et al., 2019). Even though the gene has patatin domain 

similar to other PNPLA family members, it does not show any lipase activity; instead, 

PNPLA1 participates in the synthesis and regulation of phospholipids (Grall et al., 2012). 

In recent years, it was shown that PNPLA1 has a crucial role in the synthesis of a 

sphingolipid called ω-O-acyl ceramide. The enzyme catalyzes the reaction between ω-

hydroxyceramide and linoleate to synthesize acyl ceramide using TAGs of linoleate as a 

donor (Akiyama, 2017; Deevska & Nikolova-Karakashian, 2017; Kien et al., 2018). It 

was revealed that a mutation in the PNPLA1 encoding gene can cause ARCI and the 

colloidal baby phenotype was seen in all newborn ARCI patients that have PNPLA1 
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mutation (Sugiura & Akiyama, 2015). Additionally, it was shown that in the outermost 

layer of epidermis, PNPLA1 was overexpressed and caused abnormal lipid accumulation 

in keratinocytes, resulting in ARCI pathology (Grall et al., 2012).  

 

Ichthyosis, mostly caused by mutations in the ABHD5/CGI58 genes. These types of 

ichthyosis were found to be associated with neutral lipid storage disorder, and 

intracellular LD accumulation was characterized in these patient cells. It was found that 

sphingolipids affect the formation and growth of LDs. In the light of these findings, a 

mutation in PNPLA1 gene responsible for producing ω-O-acyl ceramide may affect LD 

homeostasis in ARCI patients, similar to the neutral lipid storage disorder with ichthyosis 

(Deevska & Nikolova-Karakashian, 2017; Missaglia, Coleman, Mordente, & Tavian, 

2019; M. Schweiger, Lass, Zimmermann, Eichmann, & Zechner, 2009).  

 

To clarify this question, we have previously studied using fibroblast cells derived from 

ARCI patients. The results revealed aberrant accumulation of LDs in the blood smear 

samples of ARCI patients that have p.Y245del and p.D172N  mutation in PNPLA1 gene. 

Additionally, downregulation of PNPLA1 protein via PNPLA1 siRNA transfection in 

primary fibroblast cells of ARCI patients led to aberrant LD accumulation, whereas it did 

not affect the PNPLA1 localization or expression in these primary fibroblasts. Lipophagy 

analysis in these cells showed that the number of autophagosome formation was higher 

in healthy primary fibroblasts than ARCI patient cells and LC3 expression of the patient 

cells was significantly less when compares with the healthy control cells. Furthermore, it 

was observed that there was a significant difference between the ARCI patient cells and 

the healthy control cells in terms of the LDs colocalization with autophagosomes and the 

colocalizations were higher in the healthy controls cells than the patient cells. It was 

concluded as PNPLA1 protein might have a crucial role in the degradation of LDs via 

lipophagy pathway (G. Onal et al., 2019).  
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2. AIM OF THE STUDY 

 

The aim of the thesis is to investigate the molecular mechanisms of lipid droplets’ 

catabolic pathways in ARCI patients and to determine the importance of these 

mechanisms for disease pathology. For this reason, the thesis is focused on the PNPLA1 

gene and the effect of PNPLA1 mutation on the LD catabolic pathways. 
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3. MATERIALS AND METHODS 

 

 

3.1. Materials 

 

Table 3-1: Cell Culture Mediums and Reagents 

Mediums and Reagents Catalog Number 

Dulbecco's Modified Eagle's Medium PAN Biotech P04-03500 

1x MEM Non-Essential Amino acid Pan Biotech P08-32100 

Dulbecco’s Phosphate - Buffered Saline PAN Biotech P04-36500 

Fetal Bovine Serum (FBS) Standard Forte PAN Biotech P30-3304 

L-Glutamine PAN Biotech P04-80100 

Lipofectamine 3000 Invitrogen L3000001 

Opti-MEM Gibco 31985-047 

Penicillin/Streptomycin (100X) PAN Biotech P06-07100 

Trypsin-EDTA PAN Biotech P10-019100 
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Table 3-2: List of Plasmids and Primers 

Plasmids and Primers Supplier and Properties 

Cathepsin B Forward Primer Oligomer  

5’ TTCTTGCGACTCTTGGGACTTC 3’ 

Cathepsin B Reverse Primer Oligomer  

5’ TGACGAGGATGACAGGGAACTA 3’ 

Control siRNA Santa Cruz sc-37007 

LAMP2 Forward Primer Oligomer  

5’ GGTTAATGGCTCCGTTTTCA 3’ 

LAMP2 Reverse Primer Oligomer 

5’ ATGGGCACAAGGAAGTTGTC 3’ 

LAMP2 siRNA Santa Cruz sc-29390 

pMRX-IP-GFP-LC3-RFP Addgene Plasmid 84573 

 

Table 3-3: List of Antibodies 

Antibody Catalog Number 

Actin Sigma A5441 

SQSTM1 Abnova H00008878-M01 

LC3 Sigma L7543 

Cathepsin B Cell Singaling 3373S 

Cathepsin D Cell Singaling 2284S 

Rab 7 Cell Signaling D95F2 

Bif-1 Novus NBP2-24733 

LAMP2 Abcam ab25631 

SNARE Sigma HPA001204 

Hsp70 Merck MAB3516 

PNPLA2 (ATGL) Cell Signaling 2138S 

Alexa Flour 568 (anti-mouse) Invitrogen A-11004 

Alexa Flour 568 (anti-rabbit) Invitrogen A-11011 

Secondary anti-mouse ImmunoResearch Lab 115035003 

Secondary anti-rabbit ImmunoResearch Lab 111035144 
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Table 3-4: List of Kits 

Kits Catalog Number 

Extracellular Oxgen Consumption Assay Abcam ab197243 

Fatty Acid Oxidation Assay Kit Abcam ab217602 

Light Cycler 480 Syber Green I Master Roche 4887352001 

SuperScript III First-Strand Synthesis System Invitrogen 18080-051 

Triglyceride Colorimetric Assay Kit Cayman Chemical Company 

10010303 

 

 

Table 3-5: List of Chemicals and Reagents 

Chemicals and Reagents Catalog Number 

2-Mercaptoethanol Neofroxx 1414 

2-Propanol Neofroxx 1496 

Acrylamide Xtra Solution 30%-Mix 37.5:1 for 

electrophoresis 

Neofroxx 1102 

Albumin Fraction V (Bovine Serum Albumin, BSA) Sigma A3059 

Albumin Bovine Serum (Fatty Acid Free) Sigma A8806 

Ammonium persulfate (APS) Neofroxx 1610 

BODIPY 493/503 Invitrogen D3922 

Bradford Reagent Sigma B6916 

Bromophenol blue PanReac Applichem A3640 

Calcium chloride-dihydrate Merck A1229282 

CCCP Sigma C2759 

Chloroform Sigma C2432 

Chloroquine Sigma, C6628 

DMSO Sigma D2650 

Ethanol InterLAB 920.027.2501 

GENEzol RNA Isolation Reagent Geneaid GZR100 

Glycerol Neofroxx 1280LT001 
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Glycine Neofroxx 1154 

HCl Sigma 7102 

HEPES Sigma H6147 

Hoechst 33342 Invitrogen H3570 

KCl Neofroxx 1197 

Lumi-Light Western Blotting Substrate Roche 12015200001 

Methanol Sigma 32213 

Milk powder Neofroxx 1172 

MitoTracker Red CMXRos Invitrogen M7512 

Nonidet P40 Applichem A1694 

Nitrocellulose Membrane Milipore IPVH00010 

Nuclease free water Roche 03315843001 

PageRuler Prestained Protein Ladder ThermoFisher 26616 

Paraformaldehyde Sigma 158127 

PMSF Sigma P7626 

Protease Inhibitors Cocktail Tablets Roche 04 693 132 001 

Oleic Acid Sigma O1383 

Retinoic Acid Sigma R2625 

Saponin Sigma 84510 

SDS Neofroxx 3250 

Sodium Azide Riedel de Haen 13412 

Sodium chloride Neofroxx 1236 

Sodium Hydroxide Merck 1.06498.1000 

Tetramethylethylenediamine (TEMED) Sigma T7024 

Tris (tris-hydroxymethyl-aminomethane) Sigma T1503 

Tween 20 Neofroxx 8506 

Torin 1 TOCRIS  4247 

X-Ray films Fujifilm 
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Table 3-6: List of Websites for Primer Design 

Websites Purpose 

http://www.ensembl.org/index.html Genome sequence analysis 

https://www.uniprot.org/ Genome sequence analysis 

https://primer3plus.com/ Primer design program 

 

 

 

3.2. Methods 

3.2.1. Cell CulturePrimary fibroblast cells obtained via the skin biopsy of two ARCI 

patients that have two different mutations that are p.Y245del and p.D172N in their 

PNPLA1 genes were used in the experiments. Primary fibroblast K2 cells were used as a 

control. The cells having passage number 1-14 were used in all experiments and were 

cultured in Dulbecco's modified Eagle’s medium (DMEM) supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum, 1% penicillin/streptomycin, and 2mM L-glutamine. 

1x MEM non-essential amino acid solution (1%) was added to the medium. Cells were 

incubated at 37°C/5% CO2.  

 

For the passage, the cells that reached 90-100% confluency were treated with 

trypsin/EDTA at 37°C for 5 mins for their detachment and centrifuged at 300x g for 5mins 

at room temperature. For the stimulation of LD formation, cells were treated with fatty 

acid-supplemented media including 400 µM oleic acid (OA) for 12h. Cells were treated 

with 10 µM retinoic acid for 12h to stimulate CMA, 250nM TORIN1 for 4h to stimulate 

the lipophagy, 10 µM chloroquine (CQ) for 40 mins to block CMA.  

 

 

 

 

 



 

 

 

24 

3.2.2. Fatty Acid-Supplemented Medium Preparation 

 

3.2.2.1. 20 mM Sodium Oleate Preparation 

 

200 µl of 1M NaOH was added into 15.7 ml dH2O and heated up to 70˚C. Subsequently, 

100 µl oleic acid was added to heated solution drop by drop and incubated for 30 mins at 

70˚C. The solution was mixed several times during incubation.  After the incubation, 50 

µl 1M NaOH was added to the solution and incubated for 5 mins at 70˚C. The last step 

was repeated 4-5 times until the micelles were disappeared.  

 

3.2.2.2. Preparation of Fatty acid-Albumin Complex and Fatty Acid-Supplemented 

Medium 

 

3,5 ml of 20mM sodium oleate was added into a 5% BSA solution (BSA should be fatty 

acid-free) and heated up to 37 ˚C. Subsequently, the final solution was added drop by 

drop into a 160 ml cell culture medium, and the medium was filtered by 0.22 µm sterile 

filter under the laminar flow cabinet. The newly prepared medium can be stored for 1 

week at 4˚C. 

 

 

3.2.3. Sample Preparation for Microscopy Experiments 

 

3.2.3.1. BODIPY® 493/503 Staining 

 

To visualize the LDs in the cells, An apolar and hydrophobic dye BODIPY® 493/503 that 

specifically stains the neutral lipids inside the cells was used for the staining. Primary 

fibroblast cells were seeded onto coverslips in 12 well plates at a density of 40.000 

cells/each well and incubated for 2 days to obtain the 70-80% confluency. After the 

incubation, cells were washed using 1xPBS and fixed with 4% paraformaldehyde (PFA) 

solution on ice for 30 mins. After the incubation, cells were washed 3 times with 1xPBS. 
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BODIPY working solution (1 µg/ml) was prepared via adding 0,8 µl of BODIPY stock 

solution (2,5 mg/ml in ethanol) into 2 ml of 150 mM NaCl solution. The solution was 

vortexed well and immediately added onto the fixed cells (500 µl/each well). Cells were 

incubated for 10 mins at RT in the dark and washed 3 times with 1xPBS. To visualize the 

nucleus, cells were stained with Hoechst (1:10.000 diluted) for 5 mins and washed 3 times 

with 1xPBS. Coverslips were mounted and observed under the confocal microscope.  

 

3.2.3.2. Immunofluorescence Staining (Indirect Staining) 

 

Primary fibroblast cells were seeded onto coverslips in 12 well plates at a density of 

40.000 cells/each well and growth for 2 days to obtain the 70-80% confluency. On the 

third day, cells were washed using 1xPBS and fixed with 4% paraformaldehyde (PFA) 

solution on ice for 30 mins. After the incubation, cells were washed 3 times with 1xPBS 

and permeabilized with 3%BSA/0.1% Saponin solution on the ice at 30 mins. The 

solution was then removed and 100 µl of primary antibodies (1:100 or 1:200 diluted in 

1xPBS) were added onto each coverslip. The cells were incubated with the primary 

antibodies for 1h at room temperature and washed 3 times with 1x PBS. 100 µl of 1:500 

diluted secondary antibodies were added onto the coverslips and incubated for additional 

1h at room temperature. After the incubation, cells were washed 3 times with 1xPBS and 

stained with BODIPY and Hoechst as described previously. After these stainings 

coverslips were mounted and observed under the confocal microscope.  

 

 

3.2.4. Cell Lysate Preparation and Immunoblotting 

 

RIPA buffer containing 1% complete protease inhibitors and 1 mM PMSF was used to 

lyse the cells. After the addition of RIPA, cells were incubated for 20 mins on ice and 

vortex every 5 mins. Subsequently, the samples were centrifuged at 1500x rpm for 15 

mins and the supernatant was transferred into a new eppendorf.  The concentration of the 

isolated proteins was determined by using Bradford Assay. 30 μg protein was used for 

western blotting. 3X protein loading dye mixed with the proteins and the samples were 

boiled for 10 minutes at 95˚C for denaturation. After the denaturation, the samples were 
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loaded to 10% SDS-Polyacrylamide (PAGE) gels and separated based on their molecular 

weight. Separated proteins were transferred to the nitrocellulose membrane at 250 mA 

for 1h. Blocking was carried out with 5% non-fat milk in PBS-T for 1h at room 

temperature. After blocking, cells were washed for 15 mins with PBS-T. Membranes 

were incubated overnight with primary antibodies at 4˚C.  After the incubation, 

membranes were washed for 15 mins with PBS-T. Secondary antibodies were prepared 

in 5% non-fat milk solution with 1:10000 dilution for 1h at room temperature and washed 

with PBS-T three times for 15 mins. Membranes were placed on the cassettes and 

chemiluminescence reagent was added onto the membrane. At dark, films were placed 

onto the membranes and incubated for 40 mins.  To develop and fix the X-ray films, 

developer and fixer solutions were used until the bands appear.  

 

 

3.2.5. Confocal Microscopy and ImageJ Analysis 

 

Fluorescence imaging of the cells was performed using Carl Zeiss 710 LSM confocal 

microscope. The size and particle accumulation of LDs were analyzed using the particle 

analysis tool of Image J software. ImageJ software was also used in the normalization of 

western blot results using the gel analysis tool.  

 

 

3.2.6. Lipofectamine 3000 Transfection 

 

Primary fibroblast cells were seeded onto coverslips in 12 well plates at a density of 

40.000 cells/each well and growth for 2 days to obtain the 70-80% confluency. After the 

incubation, cells were transfected with 2 µg plasmid DNA using Lipofectamine 3000 as 

a transfection reagent. For this reason, in an eppendorf tube (A) 3,5 µl Lipofectamine 

3000 reagent were mixed with 50 µl Optimem. In a different eppendorf tube (B) 2 µg 

plasmids and 2.5 µl P3000 reagent were added onto the 50 μL Optimem, respectively. 

Subsequently, Tube B was added onto tube A and vortexed thoroughly. The tube was 

incubated for 15 mins at room temperature. During incubation, cells were washed with 

1xPBS and 1 ml Optimem was added to each well. After incubation, the mixture was 
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added on the top of the cells drop by drop, and the cells are incubated for 4h. After 4h, 

the medium was changed with complete medium. For siRNA transfection, primary 

fibroblast cells were seeded onto 6 well-plates at a density of 100.000 cells/each well and 

growth for 2 days to obtain the 80-90 % confluency. After the incubation, cells were 

transfected with 75pmol siRNA using Lipofectamine 3000 as a transfection reagent. For 

this reason, in an eppendorf tube (A) 7,5 µl Lipofectamine 3000 reagent were mixed with 

125 µl optimem. In a different eppendorf tube (B) 75pmol siRNA was added onto the 50 

μL optimem. Subsequently, Tube B was added onto tube A and vortexed thoroughly. The 

tube was incubated for 15 mins at room temperature. During incubation, cells were 

washed with 1xPBS and 1 ml optimem was added to each well. After incubation, the 

mixture was added on the top of the cells drop by drop, and the cells are incubated for 4h. 

After 4h, the medium was changed with complete medium.  

 

 

3.2.7. RNA Isolation 

 

RNA isolation was performed to determine the LAMP2 and cathepsin B via RT-qPCR in 

ARCI patient cells compared with control cells. Thus, cells were seeded in 6 wells plate 

at a density of 100.000 cells/each well for LAMP2 and in 10 cm tissue culture dishes at 

a density of 500.000 cells for cathepsin B. After the cells reach their confluency, they 

were transfected with siRNA for LAMP2 experiment and treated with oleic acid, 

chloroquine, and oleic acid-chloroquine together for cathepsin B experiment. 

Subsequently, the cells were washed 2 times with 1xPBS, and Genezol reagent (500 µl 

for 6 wells plate and 1 ml for 10 cm tissue culture plate) is added onto cells and incubated 

at room temperature for 5 mins. The cell lysates were then transferred into eppendorf 

tubes and chloroform (100 µl for 6 wells plate and 200µl for 10 cm tissue culture plate ) 

was added. The tubes were inverted for 15 seconds and the mixtures were incubated for 

15 mins at room temperature. Then, they were centrifuged at 12000x g for 10 mins at 

room temperature and the colorless upper phase was collected into new eppendorf tubes. 

2-isopropanol (250 μl for 6 wells plate and 500 μl for 10 cm tissue culture plate) was 

added onto the upper phase and incubated for 15 mins at 4˚C.  Followed by the incubation, 

centrifugation was performed at 12000 × g for 10 minutes at 4˚C and the supernatant was 

discarded. 75% ethanol (500 μl for 6 wells plate and 1 ml for 10 cm tissue culture plate) 
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was added to the pellets and the tubes were centrifuged at 12000 × g for 10 minutes at 

4˚C. The tubes were incubated at room temperature for 30 mins to remove ethanol after 

the supernatants were discarded. The pellets dissolved with Rnase free water and RNA 

concentrations were measured with Thermo Fisher 2000 NanoDrop Spectrophotometer. 

 

 

3.2.8. Quantitative Reverse Transcription PCR (RT-qPCR) 

 

To determine the relative mRNA expression of LAMP2 and Cathepsin B, isolated RNAs 

were used to produce cDNA samples and RT-qPCR was performed. cDNAs were 

synthesized from 1000ng RNA samples using SuperScript III First-Strand Synthesis 

System by following the kit protocol. After cDNA synthesis, reaction mix was prepared 

with 0,5 μl 10 μM forward primer (Table 3-2), 0.5 μl 10 μM reverse primer (Table 3-2), 

2 μl water, and 5 μl 2x Syber Green mix on ice at dark and 2 μl cDNA were used as a 

template for RT-qPCR. β-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as a housekeeping gene for the experiment control. Subsequently, the samples were 

added to 96 wells plate (Light Cycler480 multiwell plate) and the plate was sealed. After 

the centrifugation of the plate at 1500 × g for 2 minutes at 4°C. For the experiment, 

LightCycler 480 instrument (Roche) was used. RT-qPCR program was as follows; pre-

incubation was 1 cycle at 95 °C for 5 minutes, amplification was 50 cycles at 95 °C for 

15 secs, 58 °C for cathepsin B / 60°C for LAMP2 for 30 secs and 72°C for 5 seconds and 

melting curve was 1 cycle at 95 °C for 5 seconds, 65 °C for 1 minute and 95 °C continuous 

and cooling was 1 cycle at 40 °C for 30 seconds. The quantification was performed using 

ΔΔCT method. 

 

 

 

 

 

 

 

 

 



 

 

 

29 

 

 

 

 

4. RESULTS AND DISCUSSION 

 

4.1. Preliminary studies-Lipolysis Analysis 

 

4.1.1. Determination of the intracellular triglyceride levels in ARCI patients 

 

Cells store the excessive lipids as neutral lipids such as TG, SE, and cholesterols inside 

the LDs. But in the need of energy, these lipids are degraded via lipolysis mechanism to 

their building blocks glycerol and free fatty acids. Therefore, measuring the TG levels of 

cells are important for interpreting the lipolysis mechanism(R. Zechner et al., 2012).  

 

To compare the TG levels of control and patient cells, Triglyceride Colorimetric Assay 

kit (Cayman Chemical Company #10010303) was used as described in the kit protocol. 

This kit is based upon multiple enzymatic reactions and the final product gives a purple 

color that can be detected with a spectrophotometer at 540 nm. The enzymatic steps of 

the kit are described below; 

 

 

 

 

 

The analysis showed that TG levels of the cells having p.Y245del mutation were higher 

than the p.D172N.p1 and p.D172N.p2 cells. Additionally, TG levels of the patient cells 

    Triglycerides                                                   Glycerol and Fatty Acids 
 
    Glycerol + ATP                                                  Glycerol-3-Phosphate+ADP 
 
    Glycerol-3-Phosphate + O2                                       Dihydroxyacetone Phosphate + H2O2 

 

      2H2O2+4-AAP+ESPA                                                 Quinoneimine dye+4H2O 
 

   

Lipoprotein Lipase 

Glycerol Kinase 

           Glycerol Phosphate Oxidase  

           Peroxidase 
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were significantly higher than control cells. In OA-induced conditions, there was a 

significant increase in control cells, whereas the change in the patient cells was not 

significant (Fig. 4-1). These results were consistent with our previous findings. We 

showed that ARCI patient cells with p.Y245del and p.D172N mutations on  PNPLA1 

gene contain abnormal amounts and sizes of LDs, compared to control cells (G. Onal et 

al., 2019). Additionally, the higher TG levels in ARCI patients’ cells can be associated 

with a defect in the lipolysis mechanism. Since a mutation in the CGI-58 gene has been 

shown to act as a co-activator for ATGL, causing neutral lipid storage disorder with 

ichthyosis and TG accumulation in the tissues (M. Schweiger et al., 2009).  

 

 

Figure 4-1: Determination of intracellular TG levels in ARCI patients. TG 

levels of the control and the patient cells that have p.Y245del and p.D172N 

mutations. were measured under basal and oleic acid-induced conditions. For oleic 

acid induction, cells were treated with fatty acid supplemented media for 12hrs. The 

measurements were obtained at 540nm wavelength. Data were represented as 

means of ±SEM of n = 3 independent experiments. 

 

 

 

4.1.2. Beta Oxidation and Oxygen Consumption 
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Fatty acids generated by lipolysis are used as an energy source in the cells. For this reason, 

fatty acids are broken down via a process called beta-oxidation. Beta oxidation consists 

of multiple steps, which produce acetyl-CoA, FADH2, and NADH, and these molecules 

respectively undergo other metabolic processes, called Krebs cycle to produce ATP. For 

all these processes, fatty acids must be delivered to mitochondria first and then the cells 

must consume oxygen to produce ATP in the mitochondria (Adeva-Andany, Carneiro-

Freire, Seco-Filgueira, Fernández-Fernández, & Mouriño-Bayolo, 2019; Almeida, 

Dhillon-LaBrooy, Carriche, Berod, & Sparwasser, 2021).  

 

 
 

Figure 4-2: Determination of oxygen consumption ratio in ARCI patients. Oxygen 

consumption levels of the control, p.D172N.p1, and p.D172N.p2 cells were investigated 

under basal, oleic acid-induced, and etomoxir treated conditions. For oleic acid induction, 

cells were treated with fatty acid supplemented media for 12hrs and for the inhibition of 

fatty acid uptake by mitochondria. cells were treated with 10 µM Etomoxir for 3hrs. The 

measurements were obtained at 540nm wavelength. Data were represented as means of 

±SEM of n = 3 independent experiments. 

Beta oxidation and oxygen consumption of control and patient cells were measured to 

better understand the lipolysis and beta-oxidation mechanisms in ARCI patients. For this 

purpose, Fatty Acid Oxidation Assay Kit (Abcam #ab217602) and Extracellular Oxygen 

Consumption Assay Kit (Abcam #ab197243) were used as described in kit protocols. The 
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levels were evaluated under basal, oleic acid-induced, and 10µM etomoxir treated 

conditions (Etomoxir is an inhibitor of carnitine transporter CPT1, which prevents the 

fatty acid uptake by mitochondria) (O’Connor et al., 2018). 

 

In figure 4.2, under basal conditions, the oxygen consumption ratio of patient cells was 

slightly above 80%, however, not as high as the control cells. Oleic acid induction led to 

an increase in patient cells, but this increase was not significant. Additionally, etomoxir 

treatment resulted in a significant decrement of the oxygen consumption ratio of both 

control and patient cells and it was observed that this ratio was lower in control cells than 

in patient cells (Fig.4-2). 

 

 

Figure 4-3: Determination of beta-oxidation in ARCI patients. Beta oxidation levels 

of the control and the patient cells were investigated under basal, oleic acid-induced, and 

etomoxir treated conditions. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs and for the inhibition of fatty acid uptake by mitochondria. 

cells were treated with 10 µM Etomoxir for 3hrs. The measurements were obtained at 

540nm wavelength. The blue line indicates basal conditions, the orange line indicates 

oleic acid-induced conditions and the grey line indicates etomoxir treated conditions. 

Data were represented as means of ±SEM of n = 3 independent experiments. 

In Figure 4-3, beta-oxidation of control and patient cells was analyzed. It was revealed 

that beta-oxidation of control cells was higher than that of patient cells and oleic acid 
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treatment caused a slight increase in beta-oxidation of both control and patient cells, 

however, etomoxir treatment caused a significant decrease in beta-oxidation ratios of all 

samples. 

 

In conclusion, although ARCI patient cells can oxidize fatty acids and this oxidation 

increases by OA induction, the ratio was not as high as in control cells. Since beta-

oxidation takes place in the mitochondria, the differences between the beta-oxidation of 

the cells may result from a possible mitochondrial dysfunction in our ARCI patient cells.  

 

4.1.3. Mitochondrial Disorder and Recycling Analyses  

 

The difference between TG levels and oxygen consumption ratios of control and patient 

cells brings the idea that the ARCI patients may have a mitochondrial disorder. Therefore, 

the membrane potential of control and patient cells were analyzed under basal conditions 

using 50 nM MitoTracker Red CMXRos (Invitrogen #M7512), which stains the 

mitochondria in live cells dependent on their mitochondrial membrane potential.  

 

 

Figure 4-4: Mitochondrial disorder analysis in control and ARCI  patient cells. 

Red signal indicates mitochondria stained with MitoTracker Red CMXRos and blue 

signal indicates cell nuclei stained with Hoechst 33342. Scale bar = 10 µm. 

The results showed that in control cells, mitochondrial network was seen clearly, and no 

mitochondrial disorder was observed, whereas in patient cells the morphology was 
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changed, and this morphological change was higher in the patient that has p.Y245del 

mutation compared to control and patient cells that have p.D172N mutation (Fig.4-4). 

 

 
 

Figure 4-5: Mitophagy analysis in control and ARCI patient cells. The green signal 

indicates healthy mitochondria in cytoplasm and the red signal indicates mitochondria 

delivered to the lysosomes for their degradation via mitophagy. Scale bar = 10 µm. 

 

Mitophagy is a selective type of autophagy mechanism that degrades the mitochondria, 

which has impaired membrane potential. It can be detected using MT-keima plasmid. 

This plasmid gives different fluorescence colors based upon the pH differences (it gives 

green fluorescence if the mitochondria are healthy and it gives red fluorescence if the 
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mitochondria are delivered to lysosomes for the degradation) (Katayama, Kogure, 

Mizushima, Yoshimori, & Miyawaki, 2011).  

 

To confirm the results above mitophagy analysis was performed in control and patient 

cells under basal and oleic acid-induced conditions in the absence and presence of CCCP 

(Carbonyl cyanide m-chlorophenyl hydrazone), an inhibitor of mitochondrial oxidation. 

(Koncha, Ramachandran, Sepuri, & Ramaiah, 2021). The results showed that under basal 

conditions, green fluorescence was observed in control cells, whereas the color was 

changed to yellow and red in patient cells indicating that the mitochondria of patient cells 

were delivered to lysosomes for degradation. The color change was observed more clearly 

in oleic acid-induced and mitochondrial oxidation-inhibited conditions (Fig.4-5). 

 

 

4.1.4. Intracellular Lipid Mobilization  

 

Abnormal LD accumulation in ARCI patients may result from a defect in the mechanisms 

of lipolysis but may also result from defects in intracellular lipid mobilization. To 

investigate the intracellular lipid mobilization, control and patient cells were analyzed 

under basal and etomoxir-treated conditions. The results revealed that under basal 

conditions, LD accumulation was higher in the patient cells that have p.Y245del mutation 

than the other patient cells, however, average LD size was bigger in p.D172N,p2 cells. 

Both LD size and accumulation were lower in control cells in comparison with the patient 

cells. Additionally, etomoxir treatment led to a significant increase in LD accumulation 

and average LD sizes in control and patient cells (Fig 4-6 (A) and (B)).  
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Figure 4-6: Intracellular lipid mobilization analysis in control and ARCI patient 

cells. The analyses were performed under basal and etomoxir treated conditions. For the 

inhibition of fatty acid uptake by mitochondria, cells were treated with 10 µM Etomoxir 

for 3hrs. (A) Microscopic imaging of BODIPY®493/503-stained oil droplets in the 

control and patient cells. Green signal indicates LDs stained with BODIPY®493/503 and 

blue signal indicates cell nuclei stained with Hoechst 33342. Scale bar = 10 µm.(B) 

Quantitative analyses of LDs accumulation and LDs average size. It was performed by 

Image J particle analysis function.  
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4.2. Lipid Droplets Accumulation and Size Analysis 

 

 

 

 

Figure 4-7: Lipid droplets size and accumulation analysis in the control and ARCI 

patient cells. For oleic acid induction, cells were treated with fatty acid supplemented 

media for 12hrs. Green signal indicates LDs stained with BODIPY®493/503 and blue 

signal indicates cell nuclei stained with Hoechst 33342. Scale bar = 10 µm.  

 

PNPLA1 protein is responsible for the synthesis of ω-O-acylceramide, which is a type of 

sphingolipids. It has been known that sphingolipids involve the formation and growth of 

LDs (Deevska & Nikolova-Karakashian, 2017; Hirabayashi et al., 2019). Additionally, it 

was revealed that there are some types of ichthyoses related to the mutations on CGI-58 

gene resulting in aberrant accumulation of cytosolic LDs in various tissues (M. Schweiger 

et al., 2009). However, it hasn’t been analyzed whether PNPLA1 mutations had the same 

effect in ARCI patients. Therefore, we have previously investigated whether p.Y245del 

and p.D172N mutations on PNPLA1 genes have an effect on intracellular LD 

accumulation in ARCI patients. For the first time, we reported that these mutations caused 

aberrant LD accumulation in ARCI patients’ primary fibroblast cells in comparison with 

healthy control cells (Hirabayashi et al., 2019; G. Onal et al., 2019). To confirm the 

previous findings, we determine the abnormalities in accumulation and size of the lipid 
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droplets in ARCI patient cells by comparing them with the control cells. For this reason, 

patient and control cells were analyzed under basal and oleic acid-induced conditions.  

 

The results indicated that the number and size of the lipid droplets under basal conditions 

were higher in patient cells than in control cells, and it was observed that this situation 

slightly increased under the oleic acid-induced conditions (Fig.4-7 and 4-8). 

Interestingly, under both conditions, the number of LDs was higher in the patient with 

p.Y245del mutation whereas, the size of these droplets was larger in the patient (p2) with 

p.D172N mutation when compared to other cells 

 

In conclusion, the number and size of LDs were higher in ARCI patient cells under both 

basal and oleic acid-induced conditions and these data were consistent with our previous 

findings (G. Onal et al., 2019). Since the PNPLA1 protein is known to have no lipase 

activity or has not yet been proven to play a role in the degradation mechanism of LDs, 

the LD degradation pathways need to be further analyzed to understand the abnormal LD 

accumulation and sizes in the ARCI patients. 

  
Figure 4-8: Lipid Droplets A) Number and B) Size analysis in the control and ARCI 

patient cells. For oleic acid induction, cells were treated with fatty acid supplemented 

media for 12hrs  Quantitative analyses of LDs accumulation and LDs average size. It was 

performed by Image J particle analysis function. 

 



 

 

 

39 

4.3. Chaperon-Mediated Autophagy Analysis 

 

4.3.1. LAMP2 and Lipid Droplets Colocalization in ARCI Patients 

 

The importance of LAMP2 protein in LD catabolism was recently proven. The studies 

suggested that LAMP2 deficiency in mouse fibroblasts resulted in LD accumulation and 

these LDs were larger in size compared to control fibroblasts (Kaushik & Cuervo, 2015). 

Thus, it would be interesting to analyze whether the lipid droplet accumulation and their 

abnormal sizes in our ARCI patient cells were due to a defect in the LAMP2 protein or 

not. Therefore, LAMP2 and LDs colocalization was investigated in control and patient 

cells under basal, oleic acid-induced, and CMA-inhibited conditions.  

 

Confocal microscopy analyses showed that LAMP2 and LDs colocalized in control cells 

under basal conditions and the colocalization increased when the cells were induced with 

oleic acid. However, CMA blockage decreased the colocalization of LAMP2 and LDs. 

Interestingly, in patient cells, LAMP2 and LDs were localized separately and neither oleic 

acid-induction nor CQ treatment had an effect on their localization. As a summary, CMA 

was activated in control cells and was even increased under oleic acid-induced conditions, 

however, it wasn’t sufficiently active for LD degradation in patient cells under any 

conditions (Fig.4-9).  

 

Accordingly, the colocalization of LAMP2 proteins with LDs in control cells supports 

the previous findings, suggesting CMA plays a role in LD breakdown (Q. Yang et al., 

2019). As previously shown LAMP2 deficiency causes LD accumulation and size 

increase in LD droplets compared to their healthy counterparts. It also decreases the 

recruitment of ATGL and autophagic proteins to the substrates. Additionally, these 

deficiency results in the elevation of PLIN2 and PLIN3 proteins amount compared with 

the control mice fibroblasts (Kaushik & Cuervo, 2015). Therefore, the reason why 

colocalization was not observed in our ARCI patients cells in any conditions might be 

due to a defect in the LAMP2 protein or a defect in chaperone-mediated autophagy. Thus, 
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in order to understand this, a more detailed study with LAMP2 proteins and other CMA-

associated proteins needs to be investigated. 

 

 
Figure 4-9: Colocalization analyzes of lipid droplets and LAMP2 proteins in control 

and ARCI patient cells. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs and for CMA inhibition, cells were treated with CQ for 40 

mins. Green signal indicates LDs stained with BODIPY®493/503, the red signal 

indicates Alexa Fluor® 568-stained LAMP2. Scale bar = 10 µm.  
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4.3.2. Hsc70 and Lipid Droplets Colocalization in ARCI Patients 

 

The first step in CMA is the recognition of substrate proteins to target them to lysosomes 

by Hsc70 chaperones (Tekirdag & Cuervo, 2018). These proteins are heat shock proteins 

that target KFERQ-containing protein substrate to the lysosomes for their breakdown. It 

was suggested that Hsc70 binds to KFERQ motif-containing PLIN2 and PLIN3 proteins 

that are located on LDs surfaces and this binding mediates their transport to lysosomes 

(Kaushik & Cuervo, 2016, 2018; Gizem Onal et al., 2017). Therefore, Hsc70 becomes 

another important biomarker for CMA.  

 

To further analyze, we checked Hsc70 expression in both control and the patient cells 

under basal, oleic acid-induced, and CMA-inhibited conditions. However, the patient that 

has p.Y245del mutation was not used for further experiments. The cells were taken from 

a patient with the most severe pathology compared to other patients, therefore the cell 

culture of these cells could not be maintained. Similar to LAMP2 and LD colocalization 

results, in control cells, Hsc70 and LDs were partially colocalized in basal conditions, 

however, the colocalization was not observed neither oleic acid-induction nor CQ 

treatment. In patient cells, Hsc70 and LDs were separately localized under basal 

conditions, and oleic acid induction or CQ treatment did not show any effect on the 

localization of Hsc70 and LDs (Fig. 4-10).  

 

Previous studies revealed that PLIN2 and PLIN3 colocalize with Hsc70 on LDs surfaces 

and this colocalization is even increased with the oleic acid induction. Additionally, 

mutation on the KFERQ-like motif of PLIN2 protein causes LD accumulation and 

increased size in the mutated mice fibroblast cells. This mutation also significantly 

decrease the Hsc70 and PLIN2 binding (Kaushik & Cuervo, 2015; Kaushik & Cuervo, 

2016). In our experiment, colocalization was seen in control cells under basal conditions, 

which confirms the previous data. However, under the oleic acid induction, LDs and 

Hsc70 proteins were localized separately. In ARCI patient cells, colocalization was not 

observed in any conditions. This might be resulted from the defect in Hsc70-PLINs 
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recognition or a possible mutation in the KFERQ-like motifs of PLIN2 and PLIN3 in 

ARCI patient cells. 

 

 
 

Figure 4-10: Colocalization analyzes of lipid droplets and Hsc70 proteins in control 

and ARCI patient cells. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs and for CMA inhibition, cells were treated with CQ for 40 

mins. Green signal indicates LDs stained with BODIPY®493/503, red signal indicates 

Alexa Fluor® 568-stained Hsc70 and blue signal indicates cell nuclei stained with 

Hoechst 33342. Scale bar = 10 µm.  
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4.3.3. The effects of CMA Induction and Inhibition on Lipid Droplets in ARCI 

Patients           

 

 
Figure 4-11: The effect of LAMP2 siRNA transfection in control cells. For 

determining the ideal transfection concentration of LAMP2 siRNA, control cells were 

transfected with 60 pmol, 75 pmol, and 90 pmol siRNAs and analyzed by immunoblotting 

(A) and (B). 

 

It was shown that inhibition of CMA caused the LDs accumulation in the cells (Kaushik 

& Cuervo, 2015). Therefore, the effects of CMA inhibition on LDs accumulation were 

investigated via silencing the LAMP2 protein. To downregulate the expression of 

LAMP2, cells were transfected with LAMP2 siRNAs as described in the method section. 

 

First, the optimal siRNA concentration that manage to silence LAMP2 protein was 

determined. Thus, control cells were transfected with 60 pmol, 75 pmol, and 90 pmol 

siRNAs, respectively. Western blot analyses showed that 75 pmol and 90 pmol were 

sufficient enough to downregulate LAMP2 protein. Therefore, 75 pmol was chosen for 

further experiments (Fig 4-11).  
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Figure 4-12: Colocalization analysis of LAMP2 and LDs (A) and RT-PCR analysis 

of LAMP2 mRNA expression (B) in the control and in the ARCI patient cells w/ or 

w/o LAMP2 siRNA transfection. A) Green signal indicates LDs stained with 

BODIPY®493/503, red signal indicates Alexa Fluor® 568-stained LAMP2 proteins and 

blue signal indicates cell nuclei stained with Hoechst 33342. Scale bar = 10 µm. B) Cells 

were transfected with 75 pmol LAMP2 siRNA using Lipofectamine 3000. The results 

were normalized to GAPDH. 
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After determination of the appropriate concentration of LAMP2 siRNA, control and 

patient cells were transfected with LAMP2 siRNA for analyzing the inhibition of CMA. 

Subsequently, RT-qPCR analysis was performed for confirming the downregulation of 

LAMP2 in control and the patient cells (Fig.4-12(A)). These results were also confirmed 

with confocal microscopy analysis (Fig.4-12(B)). Interestingly, the downregulation of 

LAMP2 in patient cells was higher than in control cells. Furthermore, in LAMP2 siRNA-

transfected cells, LD average number and size analysis were conducted. The results 

showed that downregulation of LAMP2 did not show any significant effect on LD size 

and accumulation in both control and the patient cells (Fig.4-13).  

 

 

 
 

Figure 4-13: Average Number (A) and Size (B) Analysis of LAMP2 siRNA 

transfected ARCI patient cells. The cells were transfected with 75 pmol LAMP2 

siRNA.  
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4.4. Lipophagy Analysis  

 

4.4.1. LC3 Shift Assay  

 

 
 

Figure 4-14: Investigation of autophagosome formation by LC3 shift assay in control 

and ARCI patient cells. Control and patient cells were analyzed via immunoblotting. 

For oleic acid induction, cells were treated with fatty acid supplemented media for 12hrs 

and autophagy induction, cells were treated with Torin1 for 4hrs. 

 

LC3 is one of the crucial proteins for the lipophagy mechanism. In the cytoplasm LC3 is 

cleaved via Atg4 and forms LC3-I; when lipophagy is activated, PE has covalently 

conjugated the LC3 protein and forms LC3-II, which subsequently binds to the inner and 

outer membrane of the autophagosome. During the binding of PE, the molecular weight 

of LC3 changes, and this shift between LC3-I and LC3-II is accepted as an 

autophagosome marker (Hansen et al., 2018; Kaizuka et al., 2016). Thus, an LC3 shift 

assay was conducted in control and ARCI patient cells to investigate the autophagosome 

formation in the absence and presence of 250 nM Torin treatment under basal- or oleic 

acid-induced conditions. It was found that when autophagy was induced, the amount of 

LC3-I was also increasing in both control and patient cells. Therefore, no significant 

results were obtained in this experiment (Fig.4-14). 
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4.4.2. RFP-GFP-LC3 Dot Assay  

 

RFP-GFP-LC3 dot assay is another method using GFP-LC3-RFP-LC3ΔG plasmid to 

determine the autophagic flux in the cells. In the cytosol, this plasmid cleaved by ATG4 

forming GFP-LC3 and RFP-LC3ΔG. Subsequently, GFP-LC3 is lipidated and involved 

in the autophagosome formation, and it degraded together with the targeted substrate after 

the autolysosome formation. However, since RFP-LC3ΔG is mutated, it cannot involve 

autophagosome formation and stay in the cytosol. Therefore, GFP/RFP ratios give an idea 

about the autophagic flux of the cells. When this ratio is high, it indicates low autophagic 

flux, whereas if it is low, it indicates high autophagic flux. Additionally, red dots represent 

autolysosome formation, yellow dots represent both autolysosome and autophagosome 

formation(Kaizuka et al., 2016; Lopez, Fleming, & Rubinsztein, 2018). 

 

 
 

Figure 4-15: RFP-GFP-LC3 dot assay under basal conditions. Green signal indicates 

GFP-LC3 and red signal indicates RFP-LC3ΔG and blue signal indicates cell nuclei 

stained with Hoechst 33342. Scale bar = 10 µm. 
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The results indicated that under basal conditions, the GFP/RFP ratio was lower than the 

patient cells, indicating higher autophagic flux in control cells than the patient cells 

(Fig.4-15). When autophagy is induced in these cells, the intensity of the RFP signal was 

increased in both control and patient cells, however, the GFP/RFP ratio was lower in 

control cells than the patient cells, revealing higher autophagic flux in control cells (Fig.4-

16). The higher GFP/RFP ratio of ARCI patients might be due to impaired autophagy 

resulting from a possible defect during autolysosome formation.  

 

 
 

 

Figure 4-16: RFP-GFP-LC3 dot assay under autophagy-induced conditions. For 

autophagy induction, cells were treated with 250nM Torin for 4hr. Green signal indicates 

GFP-LC3 and red signal indicates RFP-LC3ΔG and blue signal indicates cell nuclei 

stained with Hoechst 33342. Scale bar = 10 µm. 
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4.4.3. Cathepsins and Lipid Droplets Colocalization in ARCI Patients 

 

 
 

Figure 4-17: Colocalization analyzes of lipid droplets and cathepsin B proteins in 

control and ARCI patient cells. For oleic acid induction, cells were treated with fatty 

acid supplemented media for 12hrs and for CMA inhibition, cells were treated with CQ 

for 40 mins. Green signal indicates LDs stained with BODIPY®493/503, red signal 

indicates Alexa Fluor® 568-stained Cathepsin B, and blue signal indicates cell nuclei 

stained with Hoechst 33342. Scale bar = 10 µm. 
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Recently, a defect in lipophagy mechanism of ARCI patients' cells that have PNPLA1 

mutation was described by our laboratory (G. Onal et al., 2019). For a better 

understanding of  LD breakdown via lipophagy mechanism in control and patient cells, 

it was further investigated. Two lysosomal markers, cathepsin B and cathepsin D were 

selected since these proteins are ubiquitously expressed in all tissues (Steinfeld et al., 

2006; Turk et al., 2012). Colocalization of the cathepsins with LDs was analyzed under 

basal or oleic acid-induced conditions in the presence or absence of a lysosomal inhibitor 

(CQ). 

 

In control cells, cathepsin B proteins were colocalized with LDs under basal conditions 

and CQ treatment decreased the colocalization with LDs as well as the number of 

cathepsin B proteins. When these cells were treated with fatty acid supplemented media, 

in the absence of CQ, even though the number of cathepsin B proteins was increased by 

comparison with the basal conditions, cathepsin B and LDs were localized separately. 

Under oleic acid-induced conditions, CQ treatment had no effect on the localization of 

cathepsin B and LDs, however, it decreased the number of cathepsin B proteins (Fig 4-

17). In patient cells, cathepsin B proteins were colocalized with LDs under basal 

conditions and CQ treatment decreased their colocalization and the number of cathepsin 

B proteins. When the cells were induced with oleic acid, the number of cathepsin B 

proteins increased while the colocalization wasn’t observed (Fig 4-17). The mRNA 

expression of cathepsin B was also analyzed by RT-qPCR and the results showed that 

mRNA levels increased with oleic-induction whereas, it decreased under CQ treated 

conditions. These results were consistent with the findings in colocalization analysis 

(Fig.4-18).  

 

Previous studies showed that cathepsin B involves in autophagy process (Gondi & Rao, 

2013; Man & Kanneganti, 2016). It was reported that Cathepsin B negatively regulates 

the expression of lysosomal and autophagic proteins by inhibition of TFEB (transcription 

factor EB), thus managing the amount of lysosomes and autophagosomes (Man & 

Kanneganti, 2016). It was also revealed that treatment of saturated fatty acids in mature 

adipocytes activated the lysosomal permeabilization, subsequently, release and 

stimulation of cathepsin B and other lysosome-related proteases to the cytoplasm(Araujo, 

Cordeiro, Vasconcelos, Vitzel, & Silva, 2018; Gornicka et al., 2012). Additionally, the 
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study conducted with adipose tissue of obese mice revealed that, although the number of 

autophagosomes increased in this tissue, autophagic activity was disrupted, while the 

expression and the enzymatic activity of cathepsin B were significantly increased (Araujo 

et al., 2018; Y. Mizunoe et al., 2017). Another study conducted with 3T3L1 adipocytes 

proved that overexpression of cathepsin B negatively regulates the level of PLIN1 

proteins in obese white adipocyte tissue, causing impairment in lipolysis mechanism 

(Yuhei Mizunoe et al., 2020).  

 

The colocalization of cathepsin B and LDs may indicate the basal autophagy in control 

and patient cells, therefore, inhibition of this pathway with chloroquine may be the reason 

for the decreased colocalization of cathepsin B and LDs in control and patient cells. 

Additionally, oleic acid treatment to these cells might show similar effects, that were seen 

in adipocytes and therefore, the increased levels of cathepsin B in cytosol can be 

explained. Treatment can cause increased lysosomal permeability, which can increase 

autophagosome accumulation and upregulation of cathepsin B. 

 

.  

Figure 4-18: RT-PCR analysis of LAMP2 mRNA expression. Cells were treated with 

fatty acid supplemented media and CQ for 12h and 40 mins respectively. The results were 

normalized to GAPDH. 
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In fig.4-19, under basal conditions, cathepsin D proteins and LDs were colocalized both 

in patient cells and in control cells. Additionally, CQ treatment led to a decrease in their 

colocalization as well as in the amount of cathepsin D proteins, whereas oleic acid 

induction increased the amount of cathepsin D proteins. However, colocalization was not 

observed between cathepsin D proteins and LDs under these conditions. 

 

The relationship between cathepsin D and autophagy has been investigated in previous 

studies. It was revealed that overexpression of cathepsin D resulted in the stimulation of 

autophagy increasing the LC3-II accumulation in HeLa cells (Hah et al., 2012). In another 

study, it was found that when cathepsin D  was inhibited, autophagy levels were 

decreased, increasing the autophagosome accumulation and reducing the autolysosome 

formation in glioblastoma cells (Zheng et al., 2020). Another study showed that 

autophagy dysfunction resulted in impairment of the lysosomal functions leading to the 

decrease in the levels and enzymatic function of cathepsin D (Sarkar et al., 2014).  

 

In our experiment, similar to the colocalization experiment of cathepsin B and LDs, 

colocalization of cathepsin D and LDs under basal conditions could indicate basal levels 

of autophagy in control and patient cells. The reduction of cathepsin D and LDs 

colocalization in CQ-treated control and patient cells could be demonstrated as a result 

of autophagy inhibition as shown in previous studies. Moreover, the separate 

colocalization of cathepsin D and LDs under oleic acid-induced conditions may result 

from increased lysosomal permeabilization leading to disruption of lipophagic 

degradation. 
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Figure 4-19: Colocalization analyzes of lipid droplets and cathepsin D proteins in 

control and ARCI patient cells. For oleic acid induction, cells were treated with fatty 

acid supplemented media for 12hrs and for CMA inhibition, cells were treated with CQ 

for 40 mins. Green signal indicates LDs stained with BODIPY®493/503, red signal 

indicates Alexa Fluor® 568-stained Cathepsin D, and blue signal indicates cell nuclei 

stained with Hoechst 33342. Scale bar = 10 µm. 
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4.4.4. Colocalization of Rab7, Bif-1, and SNARE Proteins with Lipid Droplets 

 

 

 
 

Figure 4-20: Colocalization analyzes of lipid droplets and Rab7 proteins in control 

and ARCI patient cells. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs. LDs stained with BODIPY®493/503, red signal indicates 

Alexa Fluor® 568-stained Rab7, and blue signal indicates cell nuclei stained with 

Hoechst 33342. Scale bar = 10 µm. 

 

 

Rab7 is a GTPase playing a crucial role in lipophagy. It was shown that this protein 

mediates autophagosome maturation via regulating the LDs fusion with multivesicular 

bodies and late endosomes (Guerra & Bucci, 2016). SNARE is another important protein 

playing a role in LD fusion and autophagosome biogenesis. Additionally, recent studies 

identified a novel lipophagy regulator, Bif-1, which mediates the degradation of PLIN 

proteins during lipophagy and its deficiency causes a decrease in the amount of TG 

hydrolysis. Therefore, colocalizations of LDs with Rab7, Bif-1, and SNARE proteins 
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were investigated, respectively in control and patient cells to analyze the effect of 

lipophagy-related proteins on LDs accumulation in ARCI disease. The experiments were 

conducted under basal- and oleic acid-induced conditions. 

 

The importance of Rab7 for lipophagy has been shown in several studies. A study 

conducted with hepatocytes revealed that Rab7 was required for the degradation of LDs 

by lipophagy pathway under nutrient deficiency conditions. The stimulation of Rab7 

mediates the migration of multivesicular bodies and lysosomes to the LDs for their 

breakdown. Blockage of Rab7 caused the reduction in lipophagic activity (Schroeder et 

al., 2015). In addition, it was found that Rab7 deficiency under nutrient deprivation or 

mTORC1 suppression conditions caused the inhibition of autophagosome-late endosome 

and lysosomes fusion, blocking the enzymatic activity of cathepsin B (Zhou et al., 2013). 

Therefore, Rab7 is crucial for lipophagy pathway by regulating the fusion of LDs with 

late endosomes and lysosomes (Guerra & Bucci, 2016). Considering these previous 

findings, we first investigated the colocalization between Rab7 and LDs in the ARCI 

patient cells. 

 

The results showed that under basal conditions, Rab7 and LDs were partially colocalized 

in control cells, however, the colocalization was not observed in patient cells. The 

colocalization in control cells may indicate the fusion of LDs with late endocytic 

compartment, thus, indicating the basal autophagy levels and the absence of 

colocalization in patient cells under basal conditions may be due to a defect in the 

lipophagy mechanism or a defect in autophagosome fusion with late endocytic 

compartments. Additionally, Rab7 and LDs were localized separately in both control and 

the patient cells, when these cells were induced with oleic acid (Fig. 4-20). The separate 

localization of LDs and Rab7 can be resulted due to defective lipophagy mechanisms of 

ARCI patient cells as shown previously by our laboratory (G. Onal et al., 2019). Even 

though the levels of Rab7 increased with oleic acid induction, it was not sufficient enough 

for the degradation of LDs. 
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Figure 4-21: Colocalization analyzes of lipid droplets and Bif-1 proteins in control 

and ARCI patient cells. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs. LDs stained with BODIPY®493/503, red signal indicates 

Alexa Fluor® 568-stained Bif1, and blue signal indicates cell nuclei stained with Hoechst 

33342. Scale bar = 10 µm. 

 

Previous studies revealed that Bif-1 interacts with PI3K via UVRAG and controls the 

trafficking of Atg9 proteins, thus, mediating the formation of autophagosome (He et al., 

2013; Takahashi et al., 2007; Takahashi et al., 2011). In another study, involvement of 

Bif-1 in LDs breakdown was reported. In this study, Bif-1 knockdown leads to a decrease 

in basal level of lipolysis and downregulation of autophagy and lysosomal-related 

proteins such as Atg9 and LAMP1. Additionally, stimulation of lipophagy resulted in the 

degradation of PLIN1 in Bif-1-dependent manner (Y. Liu et al., 2016).  

  



 

 

 

57 

In Fig. 4-21, the colocalizations of LDs with Bif-1 proteins were observed in patient and 

control cells under basal conditions, which might be indicating the basal autophagy levels 

and autophagosome formation in both control and ARCI patient cells. When the cells 

were treated with fatty acid-supplemented media, the colocalization was disappeared in 

both control and patient cells. When cells are exposed to fatty acid supplemented media 

and forced to produce intracellular LDs, it could cause dysfunction of lipophagy and 

lysosomal pathways or the lipophagy was not sufficient enough to degrade the LDs under 

this condition. These may explain why the colocalization was disappeared when the cells 

induced with oleic acid. 

 

SNARE, called syntaxin-17, is crucial in the fusion of autophagosome with lysosomes 

via complex formation with Atg14 and SNAP-29 and interacting with VAMP8, which is 

a lysosomal SNARE (E. Itakura & N. Mizushima, 2013; Ward et al., 2016). It has been 

shown that syntaxin-17 deficiency leads to the accumulation of autophagosomes while 

preventing their degradation (Itakura, Kishi-Itakura, & Mizushima, 2012; Eisuke Itakura 

& Noboru Mizushima, 2013). Additionally, it was found that syntaxin-17 is 

phosphorylated by TBK1 (TANK Binding Kinase 1) in response to autophagy 

stimulation, which is important for the ULK1 complex formation, thus affecting the 

initiation of autophagic mechanism (Kumar et al., 2019). 

 

In Fig. 4-22,  under basal conditions, the colocalization of SNARE proteins with LDs was 

observed in control cells whereas, colocalization could not be observed in patient cells. 

This could indicate the basal autophagy in control cells, however, a dysfunction in 

autophagy machinery could inhibit the colocalization of SNARE and LDs in ARCI 

patient cells. Moreover, oleic acid induction did not show any effect on patient cells, 

while the colocalization was disappeared in control cells. Similar to the Rab7 and Bif-1 

colocalization experiments, oleic acid induction may lead to a disruption in the 

mechanism of lipophagy or lysosomal functions, blocking the autophagic degradation of 

LDs. 
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Figure 4-22: Colocalization analyzes of lipid droplets and SNARE proteins in 

control and ARCI patient cells. For oleic acid induction, cells were treated with fatty 

acid supplemented media for 12hrs. LDs stained with BODIPY®493/503, red signal 

indicates Alexa Fluor® 568-stained SNARE, and blue signal indicates cell nuclei stained 

with Hoechst 33342. Scale bar = 10 µm. 

 

4.4.5. Analysis of p62 Protein Levels in ARCI patients  

 

p62 is a cargo protein that assists the delivery of ubiquitinated substrates to the lysosomes 

for their breakdown in selective autophagy. In this mechanism, p62 noncovalently 

interacts with the ubiquitinated substrate via its C-terminal ubiquitin-associated domain, 

while it binds to the lipidated form of LC3 (ATG8) protein in the phagophore via its LIR 

region. Subsequently, p62 is degraded together with the targeted substrate via autophagic 

machinery (Bjørkøy et al., 2009; Johansen, 2019; Lamark, Svenning, & Johansen, 2017). 

Therefore, it can be used as a biomarker for analyzing the autophagic flux of the cells and 
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p62 protein levels can be associated with the autophagic activity. Accordingly, when the 

levels increase, this might indicate an inhibition or a deficiency of autophagy (Bjørkøy et 

al., 2009; W. J. Liu et al., 2016).  

 

Previous studies showed the importance of p62 proteins for the lipophagic degradation of 

LDs. In the hepatic cells, colocalization of LC3 and p62 proteins with LDs was observed 

with ethanol treatment. p62 knockdown blocked the LC3 colocalization with LDs while 

increasing the triglyceride and cholesterol content of the cells. Additionally, 

colocalization of p62 and perilipin1 was revealed in the same study (L. Wang et al., 2017). 

The association of p62 and perilipin1 was further confirmed in another study conducted 

with rat L6 myocytes. It was suggested that when the lipophagy was activated, p62 and 

LDs were colocalized and perilipin1 proteins were co-immunoprecipitated with p62 

proteins (Lam et al., 2016). In the light of these findings, we further investigated the 

lipophagic degradation of LDs by analyzing the p62 colocalization with LDs. 

 

Under basal conditions p62 and LDs colocalization was partially observed in both patient 

and control cells, indicating the basal autophagy in patient and control cells. Even though 

the oleic acid induction caused an increment in the number of p62 proteins in both patient 

and control cells, colocalization was observed neither in control nor in patient cells. Oleic 

acid induction may lead to a deficiency in lipophagic pathway. Moreover, when 

autophagy is induced by Torin treatment, LDs and p62 proteins were partially colocalized 

in control and patient cells. Additionally, Torin treatment decreased the number of p62 

proteins in all cells compared with the basal conditions. As expected, when lipophagy 

was induced by Torin treatment, the number of p62 proteins was decreased, because these 

proteins need to be degraded during the turnover of the targeted substrate. Under oleic 

acid-induced conditions, when cells were treated with Torin, colocalization was not 

observed in control and patient cells, and the number of p62 proteins was decreased 

compared to cells with oleic acid induction and without Torin treatment. The reduction 

of p62 proteins in the control and the patient cells treated with Torin under oleic acid-

induced conditions may indicate the induction of lipophagy. However, although Torin 

treatment induces the lipophagy mechanism, it was not sufficient for the breakdown of 

accumulated lipid droplets in these cells. (Fig.4-23). This may be because the cells are 
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not capable enough for adapting to oleic acid induction or this induction causes a 

disruption in the lipophagy pathway. 

 

 
 

Figure 4-23: Colocalization analyzes of lipid droplets and p62 proteins in control 

and ARCI patient cells. For oleic acid induction, cells were treated with fatty acid 

supplemented media for 12hrs, and for autophagy induction, cells were treated with Torin 

for 4 hrs. Green signal indicates LDs stained with BODIPY®493/503, red signal indicates 

Alexa Fluor® 568-stained p62 and blue signal indicates cell nuclei stained with Hoechst 

33342. Scale bar = 10 µm. 
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4.5. The Interaction Between Lipolysis, CMA, and Lipophagy 

 

4.5.1. Colocalization of Lipid Droplets with PNPLA2  

 

Recent studies revealed a novel mechanism involving the breakdown of intracellular LDs. 

It has been demonstrated that CMA is required for LD degradation and it is the upstream 

mediator of lipophagy and lipolysis in the LD catabolism. The study conducted with 

mouse fibroblasts showed that CMA inhibition blocks the recruitment of ATGL and 

lipophagic proteins to the LDs, increasing the LD accumulation. When the KFERQ motif 

of PLIN2 was mutated, this protein was accumulated on LD surfaces and reduced the 

ATGL and LD interaction (Kaushik & Cuervo, 2015; Kaushik & Cuervo, 2016). 

Therefore, the importance of CMA on lipolysis mechanism and LD turnover in the ARCI 

patient cells was investigated via colocalization analysis of PNPLA2 (ATGL) with LDs 

under basal and CMA-induced conditions. For CMA induction, retinoic acid was used as 

an antagonist of retinoic acid receptor α (RARα), since RARα signaling blocks CMA 

activity (Anguiano et al., 2013; Reynolds & Macian, 2018). 

 

Our result suggested that PNPLA2 (ATGL) proteins were partially colocalized with LDs 

in both patient and control cells and retinoic acid treatment slightly increased the 

colocalization in these cells. Therefore, our findings were consistent with the previous 

studies demonstrating the interaction between CMA and lipolysis. However, there was 

no significant change was observed between the control and ARCI patient cells (Fig.4-

24).  
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Figure 4-24: Colocalization analyzes of lipid droplets and PNPLA2 proteins in 

control and ARCI patient cells. For CMA induction, cells were treated with retinoic 

acid for 12 hrs. Green signal indicates LDs stained with BODIPY®493/503, red signal 

indicates Alexa Fluor® 568-stained PNPLA2, and blue signal indicates cell nuclei stained 

with Hoechst 33342. Scale bar = 10 µm. 
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5. CONCLUSION 

 

LDs are crucial organelles that store neutral lipids such as triglycerides and sterol esters 

to protect cells from lipotoxicity. Except being a depot for excessive lipids, they are also 

involved in the regulation of lipid metabolism, cell signaling, and membrane trafficking 

through the proteins located on the LD surfaces. Additionally, in case of starvation, lipid 

droplets can provide the required energy to cells through their breakdown into free fatty 

acids. Subsequently, these fatty acids undergo a beta-oxidation process in mitochondria 

for ATP production. Three critical mechanisms mediate the LD catabolism, which are 

lipolysis, lipophagy, and chaperone-mediated autophagy (Barneda & Christian, 2017; 

Cohen, 2018; Onal et al., 2017).  

 

In the preliminary studies, the lipolysis mechanism of patient cells was investigated by 

comparing them with healthy control cells. Thus, intracellular TG levels, beta-oxidation, 

oxygen consumption, mitochondrial disorder, and intracellular lipid mobilization of these 

cells were analyzed. The results indicated that even though TG levels of patient cells are 

higher than the control cells, oleic acid treatment did not show any significant increase in 

the patient cells. Additionally, beta-oxidation and oxygen consumption assays showed 

that patient cells consume oxygen via beta-oxidation process; however, the ratio was not 

as high as the control cells. Mitochondrial disorder and mitophagy analyses were 

indicated that morphological change in the mitochondrial network, as well as mitophagy, 

were increased in patient cells demonstrating a dysfunctionality in mitochondria. 

Additionally, LD size and number analysis revealed aberrant LD accumulation and sizes 

in ARCI patient cells compared to healthy control cells. These findings indicate defective 

lipolysis in the ARCI patient cells.  
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To analyze the possible reasons for aberrant LD number and size in ARCI patient cells, 

CMA mechanism was also investigated. These analyses revealed that LAMP2 and LDs 

were colocalized under basal conditions, however, colocalization was less than the 

control cells. Furthermore, inhibition of CMA did not show any effect on LD number and 

sizes in both control and patient cells. Lastly, the interaction between CMA and lipolysis 

was evaluated. The results indicated that CMA induction did not show any effect on the 

lipolysis mechanism. With these findings, it was found that PNPLA1 mutation did not 

show any significant effect on the CMA mechanism in ARCI patient fibroblast cells.   

 

Another mechanism involved in LD breakdown, lipophagy, was investigated. According 

to the results, Bif-1 colocalization with LDs indicates autophagosome formation in both 

patient and control cells. Rab7 and SNARE proteins that mediate autophagosome and 

lysosome fusion showed separate colocalization with the LDs, indicating the possible 

impairment in the transport of autophagosomes to the lysosomes or impairment in the 

autophagosome-lysosome fusion. RFP-GFP-LC3 dot assay revealed decreased 

autolysosome formation in ARCI patient cells compared with the healthy control cells, 

supporting the findings in LD colocalization with Rab7 and SNARE. Additionally, P62 

protein levels were decreased in both control and patient cells with the autophagy 

induction, however, this change was lower in the patient cells. Consequently, even though 

the autophagosomes were formed, defective lipolysis was observed in ARCI patient cells 

due to a possible defect in the formation of autolysosomes or a defect in the transport of 

autophagosomes to lysosomes. 

 

As a summary, it was found that PNPLA1 gene mutations, which are p.Y245del and 

p.D172N, in ARCI patient cells show abnormal LD accumulation and sizes due to 

defective lipolysis and lipophagy mechanism, indicating the crucial role of PNPLA1 

protein in the regulation of LD catabolism. 
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