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Résumé 

L'hypercholestérolémie familiale autosomique dominante (ADH) est un trouble 

génétique caractérisé par des taux élevés de lipoprotéine de basse densité (LDL) 

plasmatique. Un niveau élevé de LDL plasmatique est connu pour contribuer au 

développement de l’athérosclérose, une cause majeure des crises cardiaques et des 

accidents vasculaires cérébraux. Le récepteur des LDL (LDLR) est la principale voie 

d’élimination des particules de LDL. En revanche, la proprotéine convertase 

subtilisine/kexine de type 9 (PCSK9), une glycoprotéine sécrétée par le foie, se lie au 

LDLR et augmente sa dégradation dans les lysosomes, ce qui entraîne une 

augmentation de LDL plasmatique et un risque plus élevé de maladie cardiovasculaire. 

En outre, des mutations de-perte-de fonction de PCSK9 peuvent considérablement 

réduire les niveaux de LDL plasmatiques et réduire le risque de maladie coronarienne 

jusqu'à ~ 88%. Toutes ces découvertes ont fait de PCSK9 une cible importante pour le 

traitement de l'hypercholestérolémie. Des anomalies génétiques du LDLR, de PCSK9 

ou de l’apolipoprotéine B (apoB), le ligand du LDLR, peuvent provoquer l'ADH, mais 

dans certaines familles ADH il n'a pas été possible d'identifier de mutation de ces gènes, 

suggérant que d'autres anomalies génétiques pourraient également être impliquées 

dans la maladie.  

Dans la présente thèse, qui repose sur deux études (articles), nous avons étudié 

les protéines d’interaction de PCSK9 (premier article, chapitre 2) et l'effet de PCSK9 sur 

l'athérosclérose (deuxième article, chapitre 3). Dans notre première étude, l'analyse par 

spectrométrie de masse des protéines interagissant avec PCSK9 a révélé que la Golgi 

glycoprotéine 1 (GLG1) est une nouvelle protéine d’interaction de PCSK9. Leur co-
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immunoprécipitation révélée par immunobuvardage et leur co-localisation par 

microscopie confocale par immunofluorescence ont confirmé que GLG1 est un 

partenaire de PCSK9. De plus, nos résultats ont montré que GLG1 interagit aussi avec 

le LDLR et l'apoB. En utilisant un modèle murin, nous avons montré des taux sanguins 

plus faibles de PCSK9, de cholestérol et de triglycérides chez les souris knockdown 

GLG1. De plus, le déficit en GLG1 a réduit l'activité de la protéine de transfert des 

triglycérides microsomales (MTP) et induit l'agrégation périnucléaire de l'apoB, réduisant 

ainsi la sécrétion d'apoB. Dans notre deuxième étude, nous avons développé un modèle 

d'athérosclérose chez la souris pour étudier l'effet de l'absence de PCSK9 sur les 

plaques d’athérosclérose. Nous avons montré que la surexpression d'un mutant gain-

de-fonction de PCSK9 dans le foie de souris a accéléré le développement de plaques 

d'athérosclérose dans la racine aortique et que celles-ci ont ensuite été réduites en 

induisant la régulation négative de PCSK9 en utilisant le système Tet-on. 

En conclusion, nous avons contribué à l'identification d'une nouvelle protéine 

interagissant avec PCSK9, GLG1, qui régule le taux plasmatique de cholestérol et 

représente une cible potentielle pour le traitement de l'hypercholestérolémie. Nous 

avons également démontré que la modulation du gène PCSK9 régule directement le 

niveau de plaques d'athérosclérose dans la racine de l'aorte. Ces études aideront à 

développer des thérapies efficaces pour réduire l'hypercholestérolémie et le risque de 

maladie cardiovasculaire. 

 

Mots-clés: ADH, LDLR, PCSK9, GLG1, cholestérol, athérosclérose  
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Abstract 

Autosomal dominant hypercholesterolemia (ADH) is a genetic disorder 

characterized by high plasma low-density lipoprotein (LDL) cholesterol levels. Elevated 

plasma LDL level is known to contribute to the development of atherosclerosis, a leading 

cause of heart attack and stroke. Liver LDL receptor (LDLR) acts as a primary pathway 

for endocytosis and clearance of LDL particles. In contrast, PCSK9, a liver-secreted 

glycoprotein, binds to LDLR and enhances its lysosomal degradation, resulting in 

increased plasma LDL concentrations and a higher risk of cardiovascular disease. 

Genetic defects in LDLR, PCSK9, and apolipoprotein B (apoB), the ligand of LDLR, can 

cause ADH, but in some ADH-families no mutations can be found in these genes, 

suggesting that other gene defects may also be involved in ADH. Furthermore, loss-of-

function mutations in PCSK9 can greatly reduce plasma LDL levels and lower risk of 

coronary heart disease by up to ~88%. All these findings have made PCSK9 an 

attractive target for the treatment of hypercholesterolemia. 

In the present thesis, which is based on two studies (articles), we investigated 

protein interactors of PCSK9 (first article, chapter 2) and the effect of PCSK9 on 

atherosclerosis (Second article, chapter 3). In our first study, mass spectrometry 

analysis of PCSK9 interacting proteins revealed that Golgi glycoprotein 1 (GLG1) is a 

novel PCSK9 interactor. Co-immunoprecipitation, Western blotting, and colocalization 

by confocal immunofluorescence microscopy confirmed that GLG1 is an endogenous 

PCSK9 binding partner. We also demonstrated that LDLR and apoB interact with GLG1. 

Using a mouse model, we found lower levels of circulating PCSK9, cholesterol, and 

triglycerides in Glg1 knockdown mice. Moreover, GLG1 deficiency reduced microsomal 
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triglyceride transfer protein (MTP) activity and induced perinuclear aggregation of apoB, 

thereby, reducing apoB secretion. In our second study, we developed a mouse model 

of atherosclerosis to investigate the effect of PCSK9 modulation on the regression of 

atherosclerotic plaques. We showed that overexpression of a PCSK9 gain-of-function in 

mouse liver accelerated the development of atherosclerotic lesions in the aortic root, 

which were then reduced by inducing PCSK9 downregulation using a Tet-on system.  

In conclusion, we have contributed to the identification of a novel PCSK9 

interacting protein, GLG1, which regulates plasma level of cholesterol and represents a 

potential target for hypercholesterolemia treatment. We also demonstrated that PCSK9 

gene modulation directly regulates the level of atherosclerotic plaques in the aortic root. 

We showed in our study that the wild-type mice, overexpressing PCSK9-D377Y in an 

inducible manner, is a useful mouse model for understanding the molecular role of 

PCSK9 on atherosclerotic plaques development. These studies will help to develop 

effective therapies to reduce hypercholesterolemia and the risk of cardiovascular 

disease. 

Keywords: ADH, LDLR, PCSK9, GLG1, cholesterol, atherosclerosis 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Cardiovascular disease 

Cardiovascular diseases (CVDs), including heart disease and stroke, are a 

variety of conditions that involve abnormalities in heart function and blood vessels 

(Mathers et al., 2001). They account for nearly one-third of all deaths throughout the 

world (Roth et al., 2017). The most common form of CVD is atherosclerosis, which 

is characterized by the accumulation of fatty materials in artery walls. The 

progressive development of atherosclerotic plaques in artery walls can lead to 

thrombus formation, reducing or even blocking blood flow to vital organs (Soutar and 

Naoumova, 2007). Thrombus formation in artery walls can have devastating results 

such as heart attacks, strokes, and peripheral vascular disease. 

The epidemic of CVD started after the Second World War, affecting mostly 

businessmen in the fifth decade of their life. At that time, life-stress was thought to 

be the most critical risk factor for CVD (Keys et al., 1963). At about the same time, 

Ancel Keys, the father of the low-fat diet, and his colleagues at the University of 

Minnesota showed a direct relationship between dietary fat intake and CVD in an 

extensive study on 12,000 individuals (Keys, 1980; Leren, 1970). Another six-year 

follow-up experience with 5209 persons, aged 30 to 59, in the town of Framingham 

(MA, USA) showed that reducing fat consumption could lower the risk of CVDs 

(Kannel et al., 1961). In this study, various serum lipids were evaluated as predictors 

of coronary heart disease (Kannel et al., 1961). The Framingham Heart Study is a 

long-term ongoing cardiovascular cohort study launched in 1948 on residents of the 

city of Framingham, Massachusetts. The original goal of the study was to find 
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common factors or characteristics that contribute to cardiovascular disease 

(Mahmood et al. 2014). In parallel with these studies, Fredrickson and his colleagues 

classified abnormal circulatory lipids based on their clinical features and 

electrophoretic lipoprotein patterns (Fredrickson et al., 1967). Their study helped to 

differentiate type III Familial Dysbetalipoproteinemia (FD) from type IIa Familial 

Hypercholesterolemia (FH) and resulted in having global attention to the lipoproteins 

and lipid disorders (Fredrickson, 1971). The type IIa FH, characterized by elevated 

cholesterol transported by low-density lipoproteins (LDL), results from a lack of 

functional LDL receptors (LDLR) on cell membranes as a result of various mutations. 

The Type III FD is caused by mutations in APOE that impair the ability of apoE, found 

on chylomicrons (CM) and very-LDL (VLDL), to bind to its receptor on the liver. This 

substantially disturbs the metabolism of cholesterol and triglyceride (TG)-rich 

lipoproteins by reducing the uptake of CM and highly atherogenic VLDL remnants. 

Thus, premature atherosclerotic CVD is common in patients with FD. 

Individuals with an unhealthy lifestyle and genetic predisposition are more 

susceptible to develop a premature CVD, which occurs in men/women before 

reaching age 55-65. Patients with a premature CVD have a higher prevalence of 

dyslipidemia, an abnormal amount of blood lipids, compared to the age-matched 

control group. Therefore, it is required that they use pharmacological therapies at an 

early age to avoid premature CVD (Genest et al., 1992; Roncaglioni et al., 1992). 

The progress of CVD was first slowed down by lowering the circulatory level of 

cholesterol-rich lipoproteins (Gotto, 2002a; Gotto, 2002b). However, CVD was not 

completely prevented in dyslipidemic patients with FH (Genest et al., 1992; 

Roncaglioni et al., 1992). The progress of CVD was first slowed down by lowering 
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the circulatory level of cholesterol-rich lipoproteins (Gotto, 2002a; Gotto, 2002b). 

However, CVD was not completely prevented in dyslipidemic patients with FH 

(Genest et al., 1992). According to the INTER-HEART study (Kannel et al., 1961), a 

case-control study conducted in > 50 countries aiming to find CVD risk factors in 

different populations, people with dyslipidemia have a higher chance of developing 

myocardial infarction (Yusuf et al., 2004). Other risk factors for the development of 

CVD in this study were identified as smoking, physical inactivity, familial history of 

CVD, abdominal obesity, diabetes mellitus, hypertension and hypercholesterolemia 

(Yusuf et al., 2004).  

Patients with metabolic syndrome are at higher risk of calcified atherosclerotic 

plaques formation and coronary artery disease. The metabolic syndrome is 

associated with clustering of risk factors such as elevated level of plasma 

triglycerides, hyperglycemia, hypercholesterolemia, hypertension, diabetes, and 

obesity (Ellison et al., 2005). Also, patients suffering from chronic inflammatory 

diseases, like rheumatoid arthritis and systemic lupus erythematosus, are more 

likely to develop cardiovascular diseases (Sarzi-Puttini et al., 2003; Slater et al., 

2011). It has been reported that blood pressure-lowering therapies, can significantly 

reduce the risk of CVD in patients, including those who suffer from diabetes or 

chronic kidney disease (Ettehad et al., 2016). 

All risk factors of CVD are divided into two groups: modifiable and non-

modifiable risk factors. Modifiable, behavioral, risk factors are associated with more 

than 90% of the risk of myocardial infarction and can be prevented merely by lifestyle 

intervention, including weight loss, smoking cessation, regular physical activity, and 

healthy eating (Ruff and Braunwald, 2011). Also, a Mendelian randomization 
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analysis of 260,000 individuals suggested that a reduction in alcohol consumption is 

beneficial for cardiovascular health (Holmes et al., 2014). Moreover, the firm 

correlation of psychological stress with acute cardiac events, including vasospastic 

angina and plaque rupture demonstrated the importance of emotion management, 

especially in coronary heart disease patients (Fernandez et al., 2010). CVD with 

non-modifiable risk factors like genetic, gender, and age needs to be cured by drug 

therapy (Ruff and Braunwald, 2011). However, cholesterol-lowering medications are 

not effective in all cases to reduce the level of cholesterol to their target levels. They 

can also cause different side effects, such as myopathy, drug intolerance, and 

rhabdomyolysis occasionally (Stone et al., 2014).  

1.2 Lipoproteins 

Lipoproteins, as their name implies, are composed of lipids and specific 

proteins (apolipoproteins) linked by non-covalent interactions. They have the 

structure of a hydrophobic core composed of triglycerides (TG) and cholesteryl 

esters (CE) that are surrounded by an envelope containing phospholipids (PLs), 

unesterified cholesterol, and one or several specific apolipoproteins (Figure 1.1). 

Lipoproteins mediate transport of TG and cholesterol between organs in blood.  
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Figure 1.1 Lipoprotein structure 

The nonpolar lipoprotein core composed mainly of triglycerides and cholesterol esters. They are 

surrounded by a single layer of phospholipid and cholesterol molecules. Apolipoproteins span the 

phospholipid monolayer and give lipoproteins structural and functional identity. Copyright permission 

has been obtained for the use of the figure in the thesis. License Number: 4652610415444 (adapted 

from Wasan et al., 2008). 

 

Lipoproteins are divided into different groups based on their size, density, 

shape, composition, and function. The four distinct lipoprotein classes are 

chylomicrons (CM), very-low-density lipoproteins (VLDL), low-density lipoproteins 

(LDL), and high-density lipoproteins (HDL) (Figure 1.2). The main protein component 

of all lipoproteins, except HDL, is apoB. Chylomicrons contain apoB48, a truncated 

translation product of the APOB gene, but LDL-C particles have a single apoB in 

human (Tennyson et al., 1989). The main protein component of HDL is 

apolipoprotein AI (apoA1) and has a different contribution to vascular disease 

compared to the other lipoproteins. 
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Chylomicrons are very large TG-rich lipoproteins that are synthesized in the 

intestine to transport dietary TG (~ 85% of their lipid content) and cholesterol to the 

peripheral tissues.  

1.2.1 Lipoproteins formation, secretion, and degradation 

The absorbed free fatty acids and monoacylglycerols are assembled into 

TGs. Monoacylglycerol acyltransferase and diacylglycerol transferase are two key 

enzymes required for TGs synthesis. The formed TGs are packaged with cholesterol 

esters along with apoB48, apoA1, and phospholipids into chylomicrons in the 

endoplasmic reticulum of the small intestine. The size and composition of 

chylomicrons are dependent on the amount and type of fat ingested and absorbed 

by the intestine. ApoB48 and Microsomal triglyceride transfer protein (MTP) are 

required for synthesis and secretion of chylomicrons. MTP facilitates the transfer of 

lipid from the endoplasmic reticulum to the apoB48. MTP has been shown to interact 

with apoB, which is necessary for the secretion of apoB lipoproteins (Bakillah et al., 

2000). Poorly lipidated apoB cannot fold properly and therefore is more likely to be 

delivered to ubiquitination machinery for degradation. 

VLDLs are assembled in the liver and composed of cholesterol and TG. VLDL 

transport endogenous TG synthesized in the liver to cells in the body. Similar to the 

chylomicrons, the VLDL synthesis is mediated by MTP and availability of 

triglycerides and their specific apoB100 (Rustaeus et al., 1995). When TGs level is 

low, the newly synthesized apoB is degraded. Loss of function mutations in either 

apoB100 or MTP leads to the suppression of VLDL and triglyceride and cholesterol 

levels in plasma. It has been shown that MTP inhibition reduces both apoB100 and 
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apoB48 secretion. Apo100 secretion was found to be more sensitive than apoB48 

secretion (Kulinski, A., 2002). The synthesized VLDLs in the lumen of the ER are 

transported to the Golgi via a complex multistep process, mediated by the VLDL 

transport vesicle. The VLDL particles undergo several modifications in the Golgi and 

then transported to the plasma membrane and secreted into the systemic circulation. 

The exact pathway by which the synthesized VLDLs are secreted from the liver into 

the circulation is not yet fully clear. 

VLDLs and chylomicrons are hydrolyzed by lipoprotein lipase (LPL) in plasma 

to deliver free fatty acids to adipose tissue for energy storage and production, 

respectively (reviewed by Olivecrona, 2016). LPL is synthesized in muscle, heart, 

and adipose tissue. Hydrolysis of VLDL by LPL leads to an exchange of apoCII and 

apoE with HDL (Goldberg, 1996). Thus, remodeled VLDL particles, with less TG and 

apoCII, become intermediate-density lipoproteins (IDL). IDLs are either subjected to 

further lipase activity to produce LDL or removed by the liver. LDL Metabolism and 

clearance will be described in details in section 1.2.3. IDLs might be cleared from 

the circulation via LDLR, VLDL receptor (VLDLR) (Kobayashi et al., 1996) or LDLR-

related protein 1 (LRP1) (Herz et al., 1995). The apoE on the chylomicron remnants 

binds to hepatic receptors such as the LDL receptor and LRP, and the whole 

package is taken up by the hepatocytes.  

LDL-C particles, “bad cholesterol,” have the propensity through apoB to bind 

to the connective tissue in the intimal sublayer of arteries, which is a primary step in 

atherosclerotic plaque formation (Mourão and Bracamonte, 1984). Conversely, 

HDL-C or “good cholesterol,” mostly synthesized by the liver (80%) and the intestine 
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(20%) (Brunham et al., 2006), helps vascular health by removing the excess of 

cholesterol from tissues and delivering it back to the liver.  

 

 Chylomicron VLDL LDL HDL 

Major Protein apoB48 apoB100 apoB100 apoA1 

Major Lipid Triglycerides Triglycerides Cholesteryl Esters Cholesteryl Esters 

 

Chylomicrons, VLDL, LDL, and HDL are four types of lipoproteins. The core of chylomicron and VLDL 

is composed of triglycerides. Chylomicrons serve to transport dietary triglyceride from intestine to 

peripheral tissues and cholesterol to the liver. VLDL is produced in the liver in response to nutrients 

and hormones and released into the plasma to supply triglycerides for the body tissues. LDL and HDL 

with a high content of cholesteryl esters are known as bad and good cholesterol, respectively. LDL is 

the key player in transporting cholesterol to the cells. In contrast, the most important function of HDL 

is transporting the excess of cholesterol from cells to the liver, which is called reverse cholesterol 

transport. Copyright permission has been obtained for the use of the figure in the thesis. License 

Number: 4652610415444 (adapted from www.apoa1.org). 

 

1.2.2 apoB intracellular trafficking 

apoB is a secretory protein, which is synthesized on the surface of the 

endoplasmic reticulum (ER) (Pariyarath et al., 2001). Various intracellular 

mechanisms contribute to the synthesis and secretion of apoB-containing 

Figure 1.2 Lipoproteins classification and structure 
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lipoproteins. Translocation of nascent apoB into the ER lumen is required for its 

lipidation and lipoprotein conformation (Jiang et al., 2007). Also, the availability of 

lipids (Burnett et al., 1999) and MTP (Benoist and Grand-Perret, 1997), are other 

important required factors. MTP is a lipid transfer protein, which is required for the 

assembly and secretion of VLDL by the liver and chylomicrons by the intestine. 

In addition, the presence of chaperone proteins in the ER, such as 94 kDa glucose-

regulated protein (GRP94), GRP78 and calreticulin facilitate the proper folding of 

apoB and its assembly into lipoprotein particles (Zhang and Herscovitz, 2003). 

 Dietary fats are the main factors regulating apoB production and its co-

translational and post-translational degradation (Burnett et al., 1998). ApoB levels 

are primarily regulated via degradation. Presence of inadequate lipid ligands such 

as CE, TG, and phospholipid inhibits apoB-MTP interaction (Burnett et al., 1999) and 

thus newly synthesized apoB forms a polypeptide loop into the cytosol, which leads 

to its cotranslational proteasomal degradation (Liang et al., 1998). Degradation of 

apoB-loops in the cytosol is through the ER-associated degradation (ERAD) 

pathway by ubiquitination of the nascent apoB peptide (Liao et al., 2003; Pariyarath 

et al., 2001). Post-ER pre-secretory proteolysis (PERPP) is another degradation 

pathway for apoB-lipoprotein particles, which occurs in post-ER compartments 

(Neurath, 1989) when TG and lipids are available for lipoprotein particle formation 

(Fisher et al., 2001; Pan et al., 2008). Insulin (Sparks et al., 1996) and dietary intake 

of polyunsaturated fatty acids (PUFAs) (Pan et al., 2004; Pan et al., 2008) induce 

PERPP and thereby reduce the secretion of apoB-lipoprotein particles. Pan et al. 

(2004) demonstrated an increased level of lipid peroxidation and oxidative stress in 

hepatic cells that were incubated with PUFAs. They later found that oxidative stress 
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in the Golgi apparatus increased aggregation, sequestration, and autophagy 

degradation of VLDL lipoprotein particles in hepatic cells (Pan et al., 2008).  

The link between autophagy and apoB100 was first discovered by Ohsaki Y. 

et al. (2006) who showed that proteasomal inhibition increases the level of apoB 

around lipid droplets to make "apoB-crescents” in human Huh7 cells. The level of 

apoB-crescents was reduced after 12-24 h of proteasomal inhibition, but the 

decrease was blocked by an autophagy inhibitor (Ohsaki et al., 2006). In another 

study by Zhong et al. (2010), a non-synonymous mutation of human apoB100, A31P, 

associated with familial hypobetalipoproteinemia, increased autophagic degradation 

of the apoB mutant, leading to reduced apoB and TG secretion. It has also been 

shown that autophagy may play an important role in  the degradation of misfolded 

apoB under ER stress conditions (Qiu et al., 2011). Several studies now show apoB 

degradation through autophagy under certain conditions. However, the detailed 

molecular mechanism for apoB intracellular autophagy is still unknown. 

 Proteasomal degradation of apoB can be initiated from the ER. Translocated 

apoB-containing lipoprotein particles to the post-ER compartments or endocytosed 

lipoproteins can be degraded by lysosomes. Interaction of liver receptors such as 

LDLR with apoB-lipoprotein particles within the secretory pathway induces 

lysosomal degradation of the complex (Blasiole et al., 2008; Twisk et al., 2000).  

 

1.2.3 LDLR and LDL clearance 

The LDLR, primary element in the endogenous cholesterol pathway, is a 

transmembrane glycoprotein found in most cells and tissues and highly expressed 
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in the liver (Brown and Goldstein, 1983). More than 70% of LDL particles are cleared 

from the plasma by the LDLR localized at the surface of hepatocytes. The 

extracellular domain of LDLR consists of a ligand-binding domain containing seven 

cysteine-rich repeats, two epidermal growth factor (EGF)-like repeats, and a β-

propeller domain followed by a third EGF-like repeat (Figure 1.3). Mutations in EGF-

precursor homology domain of LDLR prevent LDLR recycling to the cell surface, 

which lead to a decrease in clearance of plasma level of LDL (Hobbs et al., 1992; 

Van der Westhuyzen et al., 1991). ApoB100 and apoE carried on VLDL remnant, 

IDL, LDL and some classes of HDL can bind to the extracellular ligand-binding 

domain of LDLR (Innerarity et al., 1980).  

The LDL clearance pathway was first described by Brown and Goldstein in 

1975 (Brown and Goldstein, 1975). Binding of LDL to the LDLR, via its sole protein 

component apoB100, leads to the invagination of the plasma membrane to form an 

endosome (Figure 1.4). The complex internalizes into the endosome via clathrin-

coated vesicles and recruits adapter proteins autosomal recessive 

hypercholesterolemia (ARH) (Morris and Cooper, 2001). Low pH of endosome 

facilitates dissociation of the LDLR-LDL complex, recycling LDLR back to the surface 

for the clearance of more LDL particles from the plasma. Internalized LDL particles 

are digested in lysosomes and release cholesterol, fatty acids, and amino-acid 

components.  Released cholesterol and fatty acids are either stored in lipid droplets 

or re-used by the cells. Released amino acids will be used for overall protein 

synthesis or metabolism (Goldstein et al., 1985).   
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The left illustration shows the LDLR structure that is common for all LDLR family members. It is 

composed of cysteine-rich ligand-binding domains, epidermal growth factor (EGF)-like regions, β-

propeller domain, glycosylated region, membrane-spanning domain, and a small cytosolic domain. 

The right illustration shows functional domains of different LDLR family members, which have a 

similar structural organization with the exception of LRP1. Copyright permission has been obtained 

for the use of the figure in the thesis. License Number: 4652610415444 (Adapted from Wasan et al., 

2008). 

 

 

Figure 1.3 The LDLR structure and family members 
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Figure 1.4 The LDLR recycling pathway 

Schematic diagram illustrating the LDLR life cycle. LDLR is synthesized in the secretory pathway (ER 

and Golgi) (a), transported to the cell membrane(b) and clustered within clathrin-coated pits (c). LDL 

cholesterol particles bind to the LDLR through apoB100 (d) and internalize into the endosomes via 

clathrin-coated vesicles (e). Low pH of endosomes leads to the dissociation of LDLR-LDL complex, 

transporting LDLR back to the cell surface (f) whereas LDL particles are digested in lysosomes 

releasing cholesterol, fatty acids and amino-acid components (g) (adapted from (Wasan et al., 2008). 

 

1.3 Familial hypercholesterolemia and PCSK9 

Familial hypercholesterolemia (FH) is a genetic disorder that is characterized 

by high cholesterol levels, especially very high plasma level of LDL-C. FH is 

classified as a type 2 familial dyslipidemia based on the genetic abnormality (often 

due to LDLR defect) and altered lipid profile (high LDL). Elevated levels of LDL is 

associated with the development of atherosclerosis, which can be seen at an early 

age in many patients suffering from FH (Goldstein, 2001). FH was first described by 
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Carl Muller in the 1930s (Müller, 1938), and it was later classified into heterozygous 

FH (HeFH) and a more severe form of FH, homozygous FH (HoFH), according to 

the mode of inheritance (Khachadurian, 1964).  

Heterozygous FH, inherited in an autosomal dominant pattern, often occurs 

with the ratio of 1 in 200-300 people in Europe (NordesTgaard et al., 2013), and 

even more common in some French-Canadian population (1 in 150 people) (Couture 

et al., 1999). HoFH, caused by the presence of biallelic disruptive mutations in the 

LDLR gene, is a much rarer disease, which is occurring in about 1 in 160,000-

300,000 individuals (Cuchel et al., 2014). Affected HoFH patients are at higher risk 

of premature CVD, myocardial infarction, or even death in childhood (Awan et al., 

2008).  

ARH, a phenocopy of HoFH, is characterized by a recessive mode of 

inheritance. It is caused by disruptive variants in both alleles of the LDLR adaptor 

protein-1 (LDLRAP1) gene, also known as ARH gene (Garcia et al., 2001). The 

LDLRAP1 protein contains a phosphotyrosine binding domain that interacts with the 

cytoplasmic tail of the LDLR. ARH protein is required for receptor-mediated hepatic 

uptake of LDL. Thus, ARH plays a crucial role in the endocytic internalization of 

LDLR-LDL complex in hepatocytes and contributes to a high plasma level of LDL 

(Garcia et al., 2001).  

In untreated patients with HeFH, level of LDL-C can be >140 mg/dl (7.0±0.2 

mmol/L) and >400 mg/dl (13.4±0.7 mmol/L) in patients with HoFH; while the level of 

TG remains unchanged (Rader et al., 2003). An optimal range for LDL in healthy 

individuals is less than 100 mg/dL (2.6 mmol/L (O'Keefe et al., 2004). Homozygotes 

patients with ARH mutations have an intermediate level of circulating LDL, between 
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that of HeFH and HoFH patients (Soutar et al., 2003). A lifelong elevated level of 

LDL in patients with FH can lead to premature cardiovascular disease, narrowing 

and hardening of the arteries causing atherosclerosis, and manifest as angina (pain 

in the chest), myocardial infarction (MI), peripheral vascular disease or even death. 

 The first identified gene mutation leading to elevated plasma level of LDL-C 

in FH was found in LDLR (Goldstein et al., 1974) located on chromosome 19 

(FH1;19p13.1-13.3) (Francke et al., 1984). A large number of different mutations 

causing FH is now identified in the LDLR gene (Heath et al., 2000; Villéger et al., 

2002). They are divided into different groups, such as mutations that lead to 

defective synthesis of LDLR, defective transport of LDLR from the ER to the trans-

Golgi network (TGN), defective binding of LDLR to the apoB100 or defective 

internalization of LDLR (Goldstein and Brown, 1987; Hobbs et al., 1987). APOB is 

the second identified gene for which a mutation can cause ADH or familial defective 

apolipoprotein B-100(Innerarity et al., 1990). APOB is located at chromosome 2 

(FH2, 2p23- 24) (Knott et al., 1985; Law and Heath, 1985) and patients with 

mutations in this gene, demonstrate the same clinical features as patients with a 

mutated form of LDLR (Innerarity et al., 1990). The third autosomal dominant locus 

that is associated with FH is located on chromosome 1p32 (Hunt et al., 2000; Varret 

et al., 1999) and corresponds to proprotein convertase subtilisin/kexin type 9 

(PCSK9) gene, previously identified as neural apoptosis-regulated convertase-I 

(NARC-I) (Abifadel et al., 2003; Seidah et al., 2003).  Although mutations in APOB, 

LDLR, and PCSK9 are associated with ~85% of cases of FH, several genome-wide 

association studies (GWAS) attempted to identify new genomic regions that are 

linked to elevated plasma level of LDL-C (Wang et al., 2005). Studies on ADH-
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families without any mutations in APOB, LDLR and PCSK9 reported that a fourth 

unknown gene possibly involved in ADH is either located at the 16q22.1 locus 

containing 154 genes (Marques-Pinheiro et al., 2010) or on chromosome 8 

(8q24.22) (Cenarro et al., 2011). Identification of new genes associated with FH 

will bring new insights into the cardiovascular field.  

In contrast to common hypercholesterolemia (polygenic and multifactorial), 

FH is a monogenic disorder with a very high level of plasma LDL-C that can be 

observed at the time of birth. Mutations in ARH, located on chromosome 1p35, can 

also contribute to a high level of plasma LDL (Garcia et al., 2001). Homozygotes 

patients with ARH mutations have an intermediate level of circulating LDL-C, 

between that of HeFH and HoFH patients (Soutar et al., 2003). A lifelong elevated 

level of LDL-C in patients with FH can lead to premature cardiovascular disease, 

narrowing and hardening of the arteries causing atherosclerosis, and manifest as 

angina (pain in the chest), myocardial infarction (MI), peripheral vascular disease or 

even death. 

 

 Therefore, it is important to diagnose and treat FH at the earliest stage to 

produce a favorable clinical outcome. The recognition of xanthomas in the first 

decade of life is often the first indication of a diagnosis of FH (especially HoFH) in 

children (Kolansky et al., 2008; Macchiaiolo et al., 2012; Schrott et al., 1972). 

Physical signs such as lipid deposition near the eyelid (xanthelasmas), or over the 

skin of hands, elbows, knees, and ankles (xanthomas) and clinical signs such as a 

systolic murmur, angina, or the signs of clinical artery disease can help for the early 

detection of FH. However, diagnoses of FH at an early age is not always easy, since 
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some of the phenomena occur only in adulthood (e.g., tendon xanthomas) 

(Kwiterovich et al., 1974).  

1.3.1 PCSK9 structure  

PCSK9, composed of 692 amino acids (aa), is mainly expressed in the liver 

and less so in the intestine and the kidney in both human and mice. Figure 1.5 shows 

the PCSK9 expression level in mouse tissues. PCSK9 is formed of a signal peptide 

(aa 1-30), a prodomain (aa 31-152), a catalytic domain (aa 153-404), a hinge region 

(HR; aa 405–454), and a C-terminal cysteine- and histidine-rich domain (CHRD) (aa 

455-692) (Seidah et al., 2003; Poirier and Mayer, 2013 ). Cleavage of the signal 

peptide in the ER leads to the formation of pro-PCSK9, a ~72-kDa precursor protein, 

which undergoes autocatalytic cleavage between the prodomain and catalytic 

domain (Figure 1.6) (Naureckiene et al., 2003). However, unlike other subtilisin-like 

proteases, the prodomain (~14-kDa) is not released after the cleavage and remains 

non-covalently attached to its catalytic domain (Cunningham et al., 2007; Piper et 

al., 2007). The prodomain functions as an intramolecular chaperone, which is 

essential for proper folding and exit from the ER (Naureckiene et al., 2003). 

Moreover, PCSK9, unlike other PCSK family members, does not have a P domain, 

which is required for its protease activity (Naureckiene et al., 2003). 
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Quantification of PCSK9 mRNA expression in mouse tissues, normalized to S16 mRNA level 

(Adapted from Zaid et al., 2008). 

 

 Different from other PCSKs, cleavage of PCSK9 prodomain at SVFAQ152↓SIP, 

does not require calcium (Benjannet et al., 2004; Poirier and Mayer, 2013). Mature 

PCSK9 undergoes several post-translational modifications in the Golgi apparatus, 

including glycosylation of asparagine residue at position 533 and tyrosine sulfation 

at position 38 (Benjannet et al., 2006). In addition, PCSK9 is phosphorylated in its 

prodomain (serine residue at position 47) and C-terminal domain (serine at position 

688) by Golgi casein kinase-like kinase which regulates its proteolysis (Dewpura et 

al., 2008). Interestingly, serine phosphorylation of PCSK9 is correlated with insulin 

resistance in obese patients (Gauthier et al., 2015). The C-terminal CHRD is 

Figure 1.5 PCSK9 expression in mouse tissues 
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required for LDLR degradation since PCSK9 lacking the C-terminal domain is unable 

to degrade LDLR (Zhang et al., 2008; Poirier et al., 2016). 

 

 

Figure 1.6 PCSK9 domains and crystal structure 

ProPCSK9 (75 kDa) is autocatalytically cleaved at VFAQ152↓SIP within the endoplasmic reticulum, 

resulting in mature PCSK9 containing the prosegment, catalytic domain, hinge region (H), and a C-

terminal CHRD. The crystal structure shows the interaction of LDLR-EGF-A domain with PCSK9-

catalytic domain, and the three subdomains in the CHRD (M1, M2, and M3). Copyright permission 

has been obtained for the use of the figure in the thesis. License Number 4652620882527 (Adapted 

from Seidah et al., 2014). 

 

1.3.2 Regulation of PCSK9 and LDLR expression by SREBP2 

Sterol regulatory element-binding proteins (SREBPs) are members of the 

basic-helix-loop-helix leucine zipper class of transcription factors that regulates 

many genes involved in cholesterol homeostasis (Horton et al., 2003). SREBPs 
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consists of three isoforms: SREBP-1a, SREBP-1c, and SREBP-2. Both SREBP-1a 

and SREBP-1c are products of the same gene, SREBF-1, through the use of 

alternate promoters, resulting in different forms of exon-1 (Yokoyama et al., 1993). 

SREBP-2 is the product of a separate gene, SREBF-2, and is 47% identical to 

SREBP-1a (Hua et al., 1993). SREBP-1c mainly regulates fatty acids and TG 

synthesis and insulin-mediated lipogenesis and glucose metabolism (Foretz et al., 

1999), whereas SREBP-2 regulates all enzymes responsible of cholesterol 

synthesis, most notably HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-

coenzyme A reductase; HMGCR) (Horton et al. 1998). SREBP-1a seems to be 

expressed in most tissues and activates genes in both lipid and cholesterol pathways 

(Eberlé et al., 2004).  

SREBPs are synthesized as inactive precursors bound to the ER membrane. 

Each SREBP precursors contains about 1150 amino acids including three domains: 

a cytosolic NH2-terminal domain, a short hydrophilic loop that projects into the ER 

lumen, and a COOH-terminal domain (Horton et al., 2002). To act as a transcription 

factor, SREBPs must translocate from the ER to the Golgi for the proteolytic 

processing that releases the NH2-terminal domain from the membrane. SREBP 

cleavage-activating protein (SCAP) binds to SREBPs and escorts them from the ER 

to the Golgi. SCAP can sense the levels of sterols in the cell, and if it is low, escort 

SREBP for activation. Other important proteins for transport of SREBPs from the ER 

to the Golgi are insulin-induced gene proteins (INSIGs) including INSIG1 and INSIG2 

(Hua et al., 1996). During high sterol level conditions, SCAP/SREBPs complex binds 

to the INSIGs which prevent the complex from entering the coat protein complex II 

(COPII)-dependent ER-Golgi trafficking. When intracellular cholesterol levels are 
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low, SCAP undergoes a conformational change, allowing its dissociation from 

INSIGs, resulting in the interaction with the COPII trafficking complex and proper 

transport of SREBPs to the Golgi, where the two proteases, site-1 protease (S1P) 

and site-2 protease (S2P) reside. S1P, a membrane-bound serine protease, 

encoded by MBTPS1 gene, and S2P, a membrane-bound zinc metalloproteinase, 

encoded by MBTPS2 gene, cleaves the SREBP and release the active NH2-terminal 

domain that translocates to the nucleus. In the nucleus, the NH2-terminal domain 

binds to a sterol response element (SRE) in the promoter region of lipid metabolism 

genes, such as HMGCR and the LDLR, increasing their transcription (Horton et al., 

2002). 

SREBP activity is not only controlled by cholesterol level in the cells. It has 

been shown that a number of post-translational modifications, such as ubiquitination, 

phosphorylation, and acetylation are regulating SREBPs activity. The ubiquitin-

proteasome system can degrade nuclear SREBPs by ubiquitin-related modifier 

(SUMO)-1 and controls the expression of SREBP target genes (Hirano et al., 2001). 

It has also been shown that phosphorylation of Thr-426 and Ser-430 in the C-

terminal domain of SREBP1 creates a docking site for the ubiquitin ligase, Fbw7, 

which enhances SREBP1 degradation (Bengoechea-Alonso and Ericsson, 2009). 

Also, SIRT1 (sirtuin 1), a member of class III NAD+-dependent family of protein 

deacetylases can directly deacetylate SREBP, resulting in changes SREBP 

ubiquitination, protein stability, and target gene expression (Ponugoti et al., 2010) 
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Expression of PCSK9 and LDLR genes are regulated by the intracellular level 

of cholesterol via SREBPs (Edwards et al., 2000; Maxwell et al., 2003). PCSK9 and 

LDLR promoters contain an SRE that regulates their expression by sterol at the 

transcriptional level. Therefore, mRNA expression of PCSK9 would be suppressed 

by high plasma cholesterol level or increased by SREBPs in low cholesterol 

conditions (Horton et al., 2003). Jeong et al. (2008) showed that fasting decreases 

mRNA levels of PCSK9 in mouse hepatocytes via suppression of SREBP2, 

suggesting that sterol-dependent regulation of PCSK9 is mediated predominantly by 

SREBP2. Beside the SRE region, a functional hepatocyte nuclear factor 1 (HNF1) 

binding site has been identified in PCSK9 promoter that binds to HNF1α for basal 

expression of PCSK9 (Li et al., 2009). In this study, a mutation of HNF1 decreased 

PCSK9 promoter binding to sterols and reduced SREBP2 effect on PCSK9 

expression, suggesting that the HNF1 site may work cooperatively with the SRE. 

HNF1 is a transcription factor, highly expressed in the liver, and is known to regulate 

many genes in liver and intestine (Mendel et al., 1991; Odom et al., 2004). PCSK9 

can also be regulated by insulin. Costet et al. (2006) reported that insulin stimulates 

SREBP1c expression in hepatocytes resulting in increased PCSK9 expression in 

mice. They also showed that liver X receptor agonist (T0901317), which is involved 

in cholesterol metabolism could regulate PCSK9 expression via this same pathway.  
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1.3.3 PCSK9 and LDLR degradation 

PCSK9 is acting as a sort of molecular chaperone to induce LDLR 

degradation in human hepatic cell lines and mouse liver (Grefhorst et al., 2008; 

McNutt et al., 2007). PCSK9 induces LDLR degradation not through proteolytic 

activity but rather by direct binding and targeting the receptor for lysosomal 

degradation (Figure 1.7) (Horton et al., 2009; Lagace et al., 2006; Zhang et al., 

2007). PCSK9 can induce LDLR degradation by two different pathways (Figure 1.8); 

1) interaction of PCSK9 with LDLR in the Golgi directing the complex from the trans-

Golgi to the lysosome for degradation by an intracellular pathway, (Poirier et al., 

2009) and 2) secreted PCSK9 binds to the EGF-A domain of LDLR at the cell-

surface (Lagace et al., 2006; Zhang et al., 2007), induces complex internalization 

into the endosome by clathrin-mediated endocytosis, and re-routes the LDLR to the 

lysosome for degradation (Surdo et al., 2011; Zhang et al., 2008).  

 Crystallographic analysis has revealed that PCSK9 directly binds to the EGF-

A domain of LDLR through its catalytic domain (Kwon et al., 2008). Although the 

catalytic domain of PCSK9 binds with the LDLR, the C-terminal domain of PCSK9 is 

required for LDLR degradation (Zhang et al., 2008). Zhang et al. (2008) suggested 

that PCSK9 C-terminal domain may provide a site for interaction with other proteins 

involved in PCSK9 trafficking. However, Holla et al. (2011) indicated that positive 

charge and size of PCSK9 C-terminal domain are important for PCSK9 activity 

toward LDLR, while the sequence of the C-terminal domain is not involved in 

regulating the PCSK9 activity or protein interaction. The presence of ARH is 

essential for complex internalization into the endosome (Lagace et al., 2006). At the 

low pH of endosomes (pH < 6), LDLR changes from an open to a closed 
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conformation, which leads to dissociation of the LDLR-LDL complex, recycling of 

LDLR to the cell surface, and release of LDL particles to the lysosomes for 

degradation. Although the acidic pH of endosomal compartments is not required for 

PCSK9-induced LDLR degradation, it significantly enhances (>150-fold) the affinity 

of PCSK9-LDLR binding compared to a neutral pH. (Fisher et al., 2007). Formation 

of a highly stable PCSK9-LDLR complex at acidic pH prevents of LDLR recycling to 

the cell surface and ultimately induces LDLR lysosomal degradation (Zhang et al., 

2007). 

Gain-of-function (GOF) mutations in PCSK9 cause a rare form of ADH, 

resulting in high plasma level of LDL-C and a higher risk of coronary heart disease 

(CHD) (Abifadel et al., 2003). Conversely, loss-of-function (LOF) PCSK9 mutations 

are associated with CHD protection by reducing the plasma level of LDL-C (Cohen 

et al., 2005; Cohen et al., 2006). Therefore, there is a direct relation between PCSK9 

function and circulating level of LDL-C (Abifadel et al., 2009). 
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Figure 1.7 Mechanism of PCSK9-induced LDLR degradation 

Left: Binding of LDL to the LDLR on the cell surface at neutral pH causes 1) internalization of LDLR-

LDL-C complex into the endosome. 2) Dissociation of LDLR and LDL occurs at low pH of endosomes, 

which leads to 3) lysosomal degradation of LDL and 4) recycling of LDLR to 5) the cell surface. Right: 

Binding of PCSK9 to the LDLR leads to internalization of the complex into the endosome. Low pH of 

the endosomes increases PCSK9-LDLR affinity, preventing LDLR recycling, and finally causes 

lysosomal LDLR degradation. The LDLR adapter protein 1 (LDLRAP1) protein, coded by LDLRAP1 

gene (also known as ARH), interacts with LDLR and plays an important role in LDLR-LDL-C complex 

internalization. The LDLRAP1 protein contains a phosphotyrosine binding domain that interacts with 

the cytoplasmic tail of the LDLR (Adapted from https://atlasofscience.org/, by Safarova MS and 

Iftikhar J Kullo. 2016). 
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PCSK9 induces LDLR degradation through two different pathways. PCSK9 can bind to LDLR in the 

Golgi and directs the complex from the trans-Golgi to the lysosome for degradation. Alternatively, 

secreted PCSK9 binds to the LDLR at the cell surface; the complex internalizes into the endosome 

and is degraded in lysosomes. Copyright permission has been obtained for the use of the figure in 

the thesis.License Number 4652630622369 (Adapted from Lagace, 2014). 

 

The significant decrease (~60%) in plasma level of LDL-C upon blocking the 

interaction of secreted PCSK9 with LDLR at the cell surface using a therapeutic 

monoclonal antibody against PCSK9 catalytic domain demonstrates that the primary 

function of PCSK9 on LDLR is through the extracellular pathway in the liver (Stein 

and Swergold, 2013). Also, the interaction of PCSK9 to the EGF-A domain of LDLR 

is the key conduit for the clearance of plasma PCSK9 (Grefhorst et al., 2008). 

Figure 1.8 Intra- and extra-cellular pathways of PCSK9-induced 
LDLR degradation 
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1.3.4  PCSK9 trafficking pathways 

ER to Golgi trafficking is a critical step to distinguish mature, well-folded and 

assembled proteins (cargo) from immature and ER-resident proteins. The transport 

of cargo proteins from the ER to Golgi (anterograde transport) and from the Golgi to 

ER (retrograde transport) is mediated by coat protein complex II (COPII) and coat 

protein complex I (COPI), respectively (Lee et al., 2004). In vitro inhibition of COPII 

vesicle formation has been shown to prevent PCSK9 secretion, suggesting a COPII-

mediated mechanism for the export of PCSK9 from the ER to the Golgi (Chen et al., 

2013). Specific Sec proteins in vesicles mediate cargo selection and transport 

direction (McMahon and Mills, 2004). Inner-coat heterodimer Sec23-Sec24 selects 

and separates cargo proteins into different carriers for ER-to-Golgi transportation in 

a way that Sec24 interact directly with the sorting signals of either cargo or cargo 

receptors (Watanabe and Riezman, 2004). SEC24 subunit of the COPII complex 

has four paralogs, A, B, C and D that mediate ER exit of different proteins. Deletion 

mutation of each isoform of SEC24 was performed to investigate the specific 

dependencies of proteins to SEC24 paralogs (Miller and Schekman, 2013). A 

deletion mutation of Sec24A in mice resulted in a marked decrease in PCSK9 

secretion and plasma level of LDL-C without any other effect on physiological 

functions, growth, fertility rates and survival (Chen et al., 2013). Thus, SEC24A was 

identified as a crucial and specific cytosolic component of the COPII complex 

regulating the exit of PCSK9 from the ER. After crossing the Golgi cisternae, PCSK9 

reaches the TGN, another major sorting organelle. In the TGN, PCSK9 either binds 

to LDLR or is sorted into secretory vesicles. The PCSK9-LDLR complex in TGN 
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directs the LDLR towards late-endosomes/lysosomes for degradation, while PCSK9 

that is sorted into vesicles is secreted at the plasma membrane. 

A study on normolipidemic subjects demonstrated that more than 30% of 

PCSK9 in plasma is bound to LDL (Tavori et al., 2013). Also, a direct protein-protein 

interaction between PCSK9 and apoB100 has been shown (Sun et al., 2012). 

However, there is no interaction between PCSK9 and apoB100 moiety on VLDL 

(Kosenko et al., 2013). This may be related to the availability of the binding site on 

apoB in different lipoproteins (Lagace, 2014). It is also interesting to note that the 

presence of the N-terminal region of PCSK9 prodomain (residues 31-52) is required 

for binding the LDL particles in plasma (Kosenko et al., 2013). Importantly, the 

interaction of PCSK9 and LDL particles decreases the ability of PCSK9 to induce 

LDLR degradation. It has been reported that overexpression of PCSK9 in 

hepatocytes leads to an increase in circulating LDL-C independently of LDLR 

(Benjannet et al., 2004). A comparison between hypercholesterolemic patients with 

a GOF mutation in PCSK9 (S127R) and patients with a mutation in LDLR (non-

functional LDLR) was made to understand the association of LDLR, and the function 

of PCSK9 on plasma level of apoB100 (Ouguerram et al., 2004). It is possible that 

the observed effect is only related to the overactive PCSK9 since overexpression of 

PCSK9 did not cause any change in the secretion/synthesis of apoB100 in LDLR 

knockout mice (Park et al., 2004). Moreover, FPLC (fast protein liquid 

chromatography) analysis demonstrated no change in the distribution of cholesterol 

/ lipoproteins in LDLR-deficient mice upon overexpression of PCSK9 (Maxwell and 

Breslow, 2004). The effect of the absence of PCSK9 on reduction of plasma level of 

LDL particles (apoB100) is more likely due to the increased uptake of apoB-
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containing lipoproteins by LDLR than a decrease in VLDL synthesis (Rashid et al., 

2005; Zaid et al., 2008).  

Interaction of newly synthesized apoB100 with LDLR in the ER induces apoB 

degradation and reduces its secretion (Blasiole et al., 2008; Gillian-Daniel et al., 

2002). Also, the increase in cell-surface expression of functional LDLR reduces 

secretion and increases uptake of apoB-containing lipoproteins (Twisk et al., 2000). 

This suggests that LDLR needs to exit the ER to regulate apoB100 secretion.  

Gillian-Daniel et al. (2002) fused the ER-retention sequence, lys-asp-glu-leu 

(KDEL) at the C-terminus of LDLR to retain the receptor in the secretory pathway. In 

their study, ER-localized LDLR reduced apoB secretion. However, further analysis 

is required to better understand the detailed mechanism in the regulation of apoB100 

secretion by LDLR and PCSK9 expression. 

1.3.5 PCSK9 interacting partners  

The C-terminal domain of PCSK9 with about 240-aa, rich in cysteine and 

histidine, does not bind the LDLR but is essential for its degradation. This suggests 

that PCSK9 C-terminal domain is a possible interacting site that binds to other 

proteins involved in PCSK9 trafficking (Zhang et al., 2008). The important role of 

PCSK9 in the regulation of circulating level of LDL-C underlines the importance of 

identifying other PCSK9 interacting proteins. It has been reported that unidentified 

PCSK9-interacting proteins might induce or block PCSK9-LDLR interaction (Surdo 

et al., 2011). After LDLR, other proteins were found to interact with PCSK9, some of 

which were new targets routed for degradation, and others were proteins regulating 
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its function. It is therefore important to understand the different functions of PCSK9 

and to identify proteins that can modulate those functions. 

LDLR, VLDLR, and apoER2: The first PCSK9 interacting proteins found after 

LDLR were VLDLR and apoER2, which have the most similar structure to LDLR 

(Figure 1.3). ApoER2, also known as LDLR-related protein 8 (LRP8), belongs to the 

LDLR family. ApoER2 is involved in brain development by affecting neuronal 

apoptosis and mediating reelin signaling pathway (Howell and Herz, 2001). VLDLR 

is active in several tissues, including heart, skeletal muscles, and adipose tissue. 

This receptor also interacts with reelin and plays an important role in brain 

development (Howell and Herz, 2001). PCSK9 interacts with EGF-A–like domains 

of LDLR, VLDLR, and apoER2 via its catalytic domain and induces their lysosomal 

degradation (Figure 1.9) (Poirier et al., 2008). However, amino acids of EGF-A–like 

domain of LDLR interacting with PCSK9, Asn295, Glu296, Asp310, Tyr315, and Leu318, 

are not all the same as those found in VLDLR and apoER2. For example, Leu318 is 

only present in LDLR EGF-A domain and not conserved in VLDLR and apoER2 (Gu 

et al., 2013). Poirier et al. (2008) demonstrated that the presence of LDLR in cells 

resulted in less PCSK9 association with VLDLR. They further explained that it might 

be a competition between LDLR and VLDLR for PCSK9 binding. while this 

competition was much less or not detectable between LDLR and apoER2. 
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The shortest PCSK9 peptide sequence bound to EGF-AB is being shown. Copyright permission has 

been obtained for the use of the figure in the thesis. License Id: 4652631049028 (adapted from 

Bottomley et al. (2009). 

 

Annexin A2 (AnxA2): The first identified endogenous partner of PCSK9 that 

could prevent PCSK9-induced LDLR degradation was Annexin A2 (AnxA2) (Mayer 

et al., 2008). Annexins are soluble proteins with a protein core containing four 

calcium-binding sites, which are required to keep their association with membranes 

(Rescher and Gerke, 2004). Experimental analysis demonstrated the localization of 

AnxA2 at the extracellular layer of the plasma membrane in different cell lines 

including tumor cells (Yeatman et al., 1993), endothelial cells (Cesarman et al., 

1994), epithelial cells (Patchell et al., 2007) and skin keratinocytes (Ma et al., 1994). 

Very high level of AnxA2 expression is found at the surface of endothelial cells in a 

variety of organs including lungs, adrenals, and small intestines, and may explain 

the reason for PCSK9 inability to cause LDLR degradation in the adrenals (Grefhorst 

et al., 2008; Seidah et al., 2012). Mayer et al. (2008) demonstrated that AnxA2 

interacts with the C-terminal domain of PCSK9 via its N-terminal repeat R1. They 

further suggested a possible competition between AnxA2 and LDLR for interacting 

Figure 1.9 Schematic diagram of PCSK9 peptide bound to LDLR-EGFA 



33 
 

with PCSK9 at the cell-surface (Mayer et al., 2008). Thus, an association of PCSK9 

with AnxA2 could reduce its interaction with LDLR, and consequently decrease 

LDLR degradation. AnxA2 variants were recently found to be associated with LDL-

C levels in human, and thus highlights the importance of this protein as a potential 

therapeutic target for LDL-C lowering (Fairoozy et al., 2017). 

APLP2: Amyloid precursor protein (APP) and its close family member, 

amyloid precursor-like protein 2 (APLP2), interact with the C-terminal domain of 

PCSK9 via their large extracellular domains in a pH-dependent manner (DeVay et 

al., 2013).  Different tissues and cell-types express APP and APLP2, single-pass 

transmembrane proteins, which are homologous in function (Wasco et al., 1993) and 

play roles in synaptic plasticity, synaptogenesis, neurite growth and neuronal 

differentiation (Heber et al., 2000). DeVay et al. (2013) suggested that APP and 

APLP2 regulate the level of LDLR in a clear manner. They further explained that 

APP is not involved in direct regulation of the PCSK9 function. However, it could 

protect PCSK9 from lysosomal degradation by competing with APLP2 for the binding 

site on PCSK9. APLP2 functions as a new bridge for delivering multiple PCSK9-

targets to the lysosome for degradation. It also facilitates the postendocytic transport 

of PCSK9/APLP2 complex to the lysosomes (DeVay et al., 2013). However, 

Butkinaree et al. (2015) reported that overexpression or deficiency of APLP2 in 

human hepatocyte cell lines or mouse liver, respectively, does not affect on PCSK9 

function, level of LDLR, and mouse plasma cholesterol level. Interestingly, APLP2 

can interact with sortilin, another PCSK9 binding partner, which will be discussed in 

this chapter. 
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ApoB: apoB is the ligand of LDLR and the sole protein component of LDL, 

which is cleared from circulation via LDLR. Therefore, an increase in LDLR 

degradation by PCSK9 results in increased plasma level of apoB-lipoproteins, which 

is associated with coronary artery disease (Sniderman et al., 2010). Moreover, Sun 

et al. (2012) demonstrated that PCSK9 directly, in an LDLR-independent fashion, 

interacts with apoB and regulates its production and secretion in the ER. The 

physical interaction between PCSK9 and apoB prevents intracellular degradation of 

apoB through the autophagosome/lysosome pathway and increases its secretion in 

apoB-lipoprotein particles (Sun et al., 2012). In consequence, increased circulating 

level of apoB-containing particles leads to an increase in plasma level of cholesterol 

(Sun et al., 2012). More recently, Sun et al. (2018) showed that PCSK9 deficiency 

in animals lacking the LDLR reduces the secretion of apoB by modulating the 

autophagy signaling pathway and increasing hepatic autophagy flux. The potential 

PCSK9-apoB-autophagy pathway is novel with important implications as it has 

important effects on lipoprotein metabolism.  

Non-acetylated BACE1: PCSK9 can interact with non-acetylated β-site 

amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1) in the ER and 

mediates its degradation in the early secretory pathway, most probably in a post-ER 

compartment, while acetylated BACE1 can exit from the ER and traffic to the Golgi 

(Jonas et al., 2008). Moreover, Jonas et al. (2008) demonstrated that the addition of 

purified PCSK9 in cell culture media could induce internalization and degradation of 

BACE1 with a similar mechanism as LDLR. BACE1 is a transmembrane aspartyl 

protease that displays the known functional characteristics of APP β‐secretase 

(Vassar et al., 1999). β‐Secretase cleavage of APP by BACE1 lead to the formation 
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of the soluble fragment (sAPP) and a membrane end (-CTF) (Vassar et al., 1999). 

Cleavage of APP-CTF by λ-secretase releases predominant amyloidogenic 

fragments, amyloid Aβ-40, and Aβ42 peptides, which are the major cause of 

Alzheimer disease (AD) pathology (Hardy, 2006). Jonas et al. (2008) reported that 

deficiency of PCSK9 results in increased steady-state protein level of BACE1 and 

generation of Aβ in mouse brain. They further proposed two different mechanisms 

for BACE1 degradation by PCSK9. The first mechanism of BACE1 degradation was 

dependent on the catalytic activity of PCSK9 and was observed in the intracellular 

pathway of transfected cells with full-length PCSK9, while the latter is via the 

extracellular pathway.  However, it is still not known if the first mechanism of BACE1 

degradation is via the catalytic activity (very unlikely as several studies demonstrated 

no or extremely low activity of mature PCSK9) of PCSK9 or other unknown 

proteases. Ko and Puglielli (2009) identified two-proteins, acetyltransferases 1 

(ATase1) and ATase2, which regulate ER-Golgi intermediate compartment (ERGIC) 

based acetyltransferases. The authors further asserted that these two enzymes are 

involved in regulating the steady-state levels of BACE1 by protecting it from 

degradation by PCSK9 (Ko and Puglielli, 2009). 

These results suggest that inhibition of PCSK9 to treat hypercholesterolemia 

could increase the risk of the AD. However, another study was published with 

controversial results (Liu et al., 2010). The results of Liu et al. (2010) demonstrated 

that knockout of PCSK9 in mouse brain is not leading to any change in the steady-

state protein level of BACE1. In addition, their analysis demonstrated no change in 

the total level of APP-CTF or Aβ40 upon knockout of PCSK9 (Liu et al., 2010). 
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PCSK9 regulates neuronal apoptosis by keeping it at a low level in cell lines (Wu et 

al., 2014). PCSK9 inhibitors may have a protective role for AD, but more detailed 

role of PCSK9 in brain physiology still needs to be clarified. 

LRP1: The low-density lipoprotein receptor-related protein 1 (LRP1) 

resembles LDLR and is responsible for the clearance of apoE-enriched lipoproteins 

such as chylomicrons and VLDL remnants from plasma (Kowal et al., 1989). Similar 

extracellular domain and charge distribution of LDLR and LRP1 (Herz and Bock, 

2002) suggested the possibility of PCSK9 interacting with LRP1. Park et al. (2004) 

reported that the protein level of LRP1 was not changed by overexpression of 

PCSK9 in mouse liver. Lagace et al. (2006) found a link between LRP1 and PCSK9 

in LDLR-deficient mouse embryonic fibroblasts, which might result in the uptake of 

PCSK9 by LRP1 at high concentrations of PCSK9. Also, Canuel et al. (2013) 

reported that PCSK9 interacts with LRP1 and induces its degradation in HEK293 

and HepG2 cells. They further demonstrated that LRP1 competes with LDLR for 

interaction with PCSK9. However, no change in LRP1 levels was found in PCSK9 

knockout mice (Canuel et al. 2013). Moreover, reduction in cell-surface expression 

of LRP1 upon direct interaction with PCSK9 was observed, in mouse peritoneal 

macrophages (MPM) lacking apoE and expressing hPCSK9 exclusively in 

macrophages (Giunzioni et al., 2016). Secreted PCSK9 from macrophages and 

reduced level of LRP1 resulted in an increased level of pro-inflammatory markers 

and reduced those of the anti-inflammatory monocytes in plaques (Giunzioni et al., 

2016). However, the increased level of pro-inflammatory monocytes in lesions did 

not lead to any change in lesion size of atherosclerotic plaques (Giunzioni et al., 

2016). PCSK9 protein was not detected in lesions of Ldlr knockout mice and did not 
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affect macrophage, suggesting that all PCSK9 effects were dependant of LDLR 

(Giunzioni et al., 2016). 

Sortilin: Mature PCSK9 is transported from the ER to the Golgi apparatus 

through the Sec24A subunit of the coat protein complex II (COPII)-coated vesicles 

and from the Golgi to the plasma membrane via sortilin receptor (Gustafsen et al., 

2014). However, it was later reported that plasma total PCSK9 level in sortilin 

knockout mice is similar to wild type mice, suggesting that sortilin is not critical for 

PCSK9 secretion (Butkinaree et al., 2015). Therefore, more experiments are needed 

to clarify the PCSK9 secretion pathway.  

Sortilin is a sorting receptor, from the family of vacuolar protein sorting 10 

protein (VPS10P) domain receptors, which contains a ten-bladed β-propeller that 

forms a hollow channel for binding to the soluble ligands (Kjolby et al., 2010).  

Moreover, it consists of a short cytoplasmic tail for interaction with subcellular sorting 

adaptor proteins. This receptor has previously been appreciated for its essential role 

in intracellular sorting of brain-derived neurotrophic factor (Chen et al., 2005) as well 

as lipoprotein metabolism (Nielsen et al., 1999) and cardiovascular health (Nilsson 

et al., 2008). Co-localization of sortilin with PCSK9 was observed in the TGN 

(Gustafsen et al., 2014). Also, the lack of sortilin in mice resulted in a robust decrease 

in circulating level of PCSK9 and an increase in the hepatic level of LDLR (Gustafsen 

et al., 2014). However, Butkinaree et al. (2015) reported that 

deficiency/overexpression of sortilin in cells or mice did not alter the plasma level of 

PCSK9 and its function on LDLR degradation (Butkinaree et al., 2015). Thus, the 

detailed mechanism of sortilin and PCSK9 interaction and its functional role in 

lipoprotein metabolism needs more investigation. 
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CD36: Cluster of differentiation 36 (CD36), a scavenger receptor, is involved 

in different cellular functions including the cellular uptake of long-chain fatty acids 

and storage of TG (Abumrad et al., 1993). Presence of hypertrophic adipocytes and 

increased cellular uptake of free fatty acids (FFAs) in adipose tissue of Pcsk9 

knockout mice suggested the presence of higher level of CD36 and/or VLDLR 

(Demers et al., 2015; Roubtsova et al., 2011). Our group found that CD36 is a 

PCSK9-interacting protein (Demers et al., 2015). Our data indicated that knockdown 

of endogenous PCSK9 in hepatic cells or knockout of Pcsk9 in mice resulted in a 

strong increase (>3 fold) of CD36 protein levels in hepatic cells as well as mouse 

liver and adipose tissue. Increased level of hepatic CD36 protein was correlated with 

an increased uptake of fatty acid and accumulation of TG and lipid droplets in 

Pcsk9−/− mice (Demers et al., 2015). We further demonstrated that direct interaction 

of PCSK9 with CD36 results in CD36 degradation via both ubiquitin-proteasome and 

lysosomal systems in the liver and visceral adipose tissue (Demers et al., 2015). Our 

results highlighted the importance of PCSK9 in TG metabolism beyond its role in 

regulating plasma LDL-C, which is reviewed by Moore and Goldberg (2016). 

GRP94: Glucose-regulated protein 78 (GRP78), GRP94, calnexin, and 

calreticulin are ER-resident proteins (Lewis et al., 1985) that are involved in 

maintaining cellular integrity under physiological or stress conditions (Ni and Lee, 

2007). ER is the most important organelle for the synthesis and folding of proteins 

(Lee, 1992). Chaperones are group of proteins that assist in protein folding. 

Receptor-associated protein (RAP) is a chaperone of LDLR family members. RAP 

has been shown to bind with LDLR and protect the receptor from being bound by 

their ligands (Willnow et al., 1996). There is no strong evidence that shows RAP 
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prevents PCSK9 binding to LDLR. However, it is possible that RAP prevents LDLR-

PCSK9 binding in the ER and protects LDLR from degradation before reaching to 

the Golgi (Shan et al., 2008). 

GRP94, also known as HSP90B1, GP96 (Koch et al., 1985), endoplasmin 

(Smith and Koch, 1987) or ERp99 (Lewis et al., 1986), is a high-capacity calcium- 

and peptide-binding protein (Lee, 2014), which is involved in protein folding within 

the secretory pathway. Poirier et al. (2015) reported that interaction of PCSK9 with 

GRP94 leads to the blockade of PCSK9-induced LDLR degradation and 

consequently regulate plasma level of cholesterol in mice. The group of Dr. Mayer 

further explained that GRP94 is an endogenous inhibitor of PCSK9, which protects 

LDLR from degradation by preventing early binding of PCSK9 to the LDLR within 

the ER of hepatocytes (Poirier et al., 2015). 

Resistin: Resistin is an adipocyte-derived hormone (adipokine), detectable 

in adipocytes and blood, which is encoded by the RETN gene (Steppan et al., 2001). 

The molecular function of resistin is not yet completely understood, although the 

association of its gene with metabolic diseases was reported previously (Steppan 

and Lazar, 2004). The similar structure between the C-terminal domain of PCSK9 

and resistin suggested that they might form aggregation complexes to 

target/compete for a common receptor, likely LDLR (Hampton et al., 2007). 

Furthermore, the study of Melone et al. (2012) demonstrated that resistin increases 

RNA and protein level of PCSK9, and thereby increases LDLR degradation in 

HepG2 cells. The authors explained that circulating resistin regulates PCSK9 

expression positively, which in turn, downregulates LDLR in hepatocytes of obese 

subjects (Melone et al., 2012). Li et al. (2015) demonstrated that there is a direct link 
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between plasma level of resistin and PCSK9 level in coronary artery disease patients 

with healthy body weight. Costandi et al. (2011) suggested that resistin might be a 

proper approach for reducing plasma level of TG-rich lipoproteins due to its direct 

deleterious role on human hepatic lipid and lipoprotein regulation. They showed that 

treatment of human hepatocytes with resistin increases VLDL and apoB secretion 

because of increased microsomal triglyceride transfer protein (MTP) activity and 

induction of hepatocyte insulin resistance (Costandi et al. 2011). In addition, the 

association of resistin with the hypertriglyceridemic condition was further confirmed 

by determining the effect of resistin on VLDL production (Rashid and Kastelein, 

2013) and protein level of TNF-α (Ferri and Ruscica, 2016). The similarity in the 

structure of resistin and PCSK9 and their biological activity suggest the possibility of 

a resistin-PCSK9 association. However, the direct interaction between them has not 

yet been observed (Ricci et al., 2017). 

Heparan sulfate proteoglycans (HSPGs) and Glypican 3 (GPC3): The 

liver cell surface is covered with HSPG receptors that mediate the clearance of 

triglyceride-rich lipoproteins. Heparan sulphate is a repeating linear disaccharide unit 

of sulphated uronic acid and glucosamine (Foley and Esko, 2010). It is mainly 

composed of glucuronic acid 1-4 linked to glucosamine but also contains substantial 

levels of iduronic acid (Hileman et al., 1998). It has recently been shown that the 

PCSK9 prodomain contains a cluster of amino acid residues that are aligned with 

consensus sequences for interaction with HSPG (Gustafsen et al., 2017). HSPG 

captures PCSK9 and facilitates its subsequent PCSK9-LDLR complex formation, 

thereby directing LDLR to lysosomes for degradation (Gustafsen et al., 2017). 

Importantly, their results demonstrated that HSPG binding was required for PCSK9-



41 
 

induced LDLR degradation in HepG2 cells and BALB6/cJRj mouse liver. Gustafsen 

et al. (2017) found potent inhibitors of PCSK9-HSPG interaction using heparin 

mimetics molecules, and an antibody directed explicitly at the HSPG-binding site in 

PCSK9. 

GPC3 is one of the six members of the glypican family, a subgroup of HSPG 

family, and plays an important role in cell division and growth. It is bound to the cell 

surface of the plasma membrane through a glycosylphosphatidylinositol anchor on 

its C-terminal domain along with two heparan sulfate side chains (Filmus and 

Selleck, 2001). GPC3 mRNA is abundant in liver, small intestine, and kidney where 

PCSK9 is also significantly expressed (Ly et al., 2016). Ly et al. (2016) indicated that 

GPC3 interacts with pro-PCSK9 and immature LDLR in hepatic cells. They further 

showed that PCSK9 could degrade GPC3 independent of LDLR, possibly through 

an LRP1-dependent mechanism. Their results demonstrated that PCSK9-GPC3 

interaction competes with PCSK9-LDLR binding on the cell-surface of hepatic cell 

lines (HepG2 and Huh7 cells), which in turn reduces the PCSK9-induced LDLR 

degradation and increases the LDL uptake (Ly et al., 2016). 

Sec24a, Secretion associated Ras-related GTPase 1B (SAR1B) and 

Matrix metalloproteinase-2 (MMP-2): SEC24 protein, a component of COPII coat 

protein complex, plays a crucial role in vesicle trafficking from the ER to Golgi. This 

has been described with more details in section 1.34 of the thesis. Chen et al. (2013) 

showed that SEC24A-deficient mice exhibit normal survival and development but 

have about 40% reduction in HDL-C, and about 60% reduction in LDL-C in their 

plasma. Interestingly, SEC24A deficiency increased liver LDLR levels via reduced 



42 
 

secretion of PCSK9, which led to the accumulation of PCSK9 in the ER (Chen et al., 

2013).  

The SAR1B protein belongs to the Sar1-ADP-ribosylation factor family of 

small GTPases, which is involved in the COPII-dependent transport of proteins from 

the ER to the Golgi apparatus (Gürkan et al., 2006). Mutations in the SAR1B gene 

have been linked to lipid absorption disorders and chylomicron retention disease 

(Roy et al., 1987; Jones et al., 2003). In an in vitro study using intestinal Caco‐2/15 

cells, Sar1B overexpression reduced the expression of intestinal LDLR and PCSK9 

(Sane et al., 2015). 

Matrix metalloproteinase‐2 (MMP‐2) is zinc-requiring endopeptidase that 

degrades extracellular matrix proteins. This enzyme also has essential roles in many 

functions, such as cell growth and migration, angiogenesis, inflammation, and 

metabolism (Parks et al., 2004; Kessenbrock et al., 2010). It has been shown that 

MMP-2 binds PCSK9 and cleaves PCSK9 pro‐ and catalytic‐domains in mouse 

Hepa1‐c1c7 cells (Wang et al., 2015). As a result, MMP-2 protects the LDLR from 

PCSK9‐induced degradation. In this study, MMP‐2 overexpression did not change 

LDLR protein basal level but reduced PCSK9‐induced LDLR degradation in mouse 

hepatic cells (Wang et al., 2015). 

1.4 Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease that results from disruption 

of lipid homeostasis and a maladaptive immune response prompted by the 

accumulation of cholesterol-laden macrophages in the arterial vessel walls (Moore 

et al., 2013). It is the underlying cause of heart attacks, strokes, ischemic heart pain, 
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peripheral vascular disease, which are the principal causes of death worldwide 

(Mathers and Loncar, 2006; Weber and Noels, 2011). The development of 

atherosclerosis can begin in early childhood and continue throughout life. Different 

factors such as high-fat diets, hypertension, smoking, stress, diabetes, obesity, high 

level of plasma LDL-C, and lack of physical activity can accelerate atherosclerosis. 

Among these factors, a high plasma level of LDL-C is one of the most critical factors 

in the development of atherosclerosis and the cause of familial hypercholesterolemia 

(Nordestgaard et al., 2013).  

Elevated plasma level of LDL-C, leads to its accumulation in the sub-

endothelial layer of arteries, particularly regions in which blood flow is disturbed by 

bends or branch points (Williams and Tabas, 1995). Accumulated LDL-C can 

undergo oxidative modifications, becoming oxidized LDL (oxLDL) and take on 

properties of damage-associated molecular patterns (Parthasarathy et al., 1988). A 

large variety of stressful events and diseases such as hypertension, diabetes, drugs, 

and toxins can accelerate this process. oxLDL activates vascular cells such as 

endothelial cells, macrophages, and smooth muscle cells (SMC) via binding to toll-

like receptors (TLRs) and scavenger receptors including lectin-like oxLDL receptor 

1 (LOX-1) and CD36 (Tsukamoto et al. 2002). They also activate monocyte 

chemotactic protein-1 (MCP-1) and adhesion molecules, mainly intercellular 

adhesion molecule-1 and vascular cell adhesion molecule-1, on the SMCs that may 

facilitate the accumulation of monocytes within the vascular wall (Vielma et al. 2004). 

Monocytes differentiate into macrophages that express scavenger receptors and 

engulf oxLDL, which leads to marked accumulation of cholesterol, converting them 

to foam cells and initiate atherosclerotic lesion development (Proudlock et al., 1973). 
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Foam cells secrete different pro-inflammatory mediators and trigger more 

monocytes and other inflammatory cells including T-cells, B cells, dendritic cells, and 

mast cells to induce plaque formation (Jonasson et al., 1986). This immune reaction 

leads to a fibroproliferative response in which the extracellular matrix (ECM) plays 

an important role. The ECM mainly contains collagen and elastic microfibrils (elastin, 

fibrillins), glycoproteins and proteoglycans that provide structural support to the atrial 

wall. During atherosclerotic plaque development, pronounced changes have been 

observed in the ECM composition. SMCs and accumulated monocytes and 

macrophages produce matrix metalloproteinases (MMPs), a large family of 

proteolytic enzymes, which play an important role in atherosclerosis by degrading 

the ECM and weakening of the vascular wall. 

Plaque evolution and proliferation of macrophages can lead to the formation 

of advanced and unstable plaques (Figure 1.10) (Kolodgie et al., 2001). oxLDL also 

reduces nitric oxide bioavailability and synthesis that can impair endothelium-

dependent arterial relaxation, which is considered as a risk factor for atherosclerosis 

disease (Kugiyama et al., 1990). Furthermore, oxLDL induces apoptosis of arterial 

smooth muscle cells (Björkerud et al., 1996). Apoptotic vascular smooth muscle cells 

may contribute to the pathogenesis of atherosclerosis by generating fatty streaks 

that develop into plaques (Kockx, 1998), or by reducing synthesis and secretion of 

extracellular matrix proteins that increase the risk of plaque instability and rupture 

(Bauriedel et al. 1999). 

Atherosclerotic plaques consist of a lipid core containing many constituents 

like foam cells, leukocytes, macrophages, lipoproteins and TG that are surrounded 

by fibrous tissue in thickened intima (Ross, 1999). Formation of atherosclerotic 
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plaques in human is usually in the aorta, coronary, carotid and cerebral arteries 

(Lusis, 2000). Disease progression leads to the build-up of plaques in a sub-

endothelial layer of the tunica intima, vessel thickening and narrowing of the lumen 

(Wilkinson et al., 2009). Atherosclerotic plaques often remain stable for a long time. 

Further growth of the plaques in the artery walls leads to plaque calcification and 

blood flow obstruction. The destruction of extracellular matrix from the fibrous cap, 

covering the necrotic core of atherosclerotic plaques, can initiate plaque rupture. 

Rupture of atherosclerotic plaques can trigger thrombus formation (McGill et al., 

2000), and consequently leading to vessel obstruction in vital organs, such as the 

heart (MI), and the brain (strokes) (Chen et al., 2016). 

 

High level of LDL and endothelium barrier dysfunctions increase the entry of LDL particles to the 

artery wall, initiating an inflammatory response, recruiting monocytes, which then differentiate into 

macrophages. Macrophages ingest LDL particles and transform into foam cells, which trigger more 

monocytes and results in the development and growth of plaque formation. Degradation of collagen 

Figure 1.10 Molecular mechanism of plaque formation in the artery 
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fibrils through proteolysis and apoptosis of vascular smooth muscle cells lead to building up of 

plaques containing a fibrous cap and a lipid-rich core (adapted from Choudhury et al., 2004). 

 

1.4.1 Animal models of atherosclerosis 

Several animal species have been used as an experimental model of 

atherosclerosis, such as rabbits (Konstantinov and Jankovic, 2013), mice, pigs and 

nonhuman primates (Fuster et al., 2012; Kapourchali et al., 2014). The vast majority 

of these animal models need to consume high fat and high cholesterol diet for plaque 

development. A valuable animal model should have different criteria such as being 

easily accessible, reasonable maintenance cost, easy to handle with well-known 

genetic characteristics, and resembles human pathophysiology to be used in 

medical and pharmaceutical research. The ideal atherosclerosis animal model 

develops lesions in a spontaneous manner by consuming a high-fat/cholesterol diet 

as it occurs in humans. Moreover, they should share a similarity in the topography 

of the lesions with humans (Getz and Reardon, 2012). 

The mouse is the predominant experimental model of atherosclerosis, 

because of its fast reproduction, ability to develop atherosclerotic plaques in a 

reasonable period of time, and ease of genetic manipulation (VanderLaan et al., 

2004). However, unlike human, the lipid profile of mice is made of a high level of 

HDL-C, due to the lack of cholesteryl ester transfer protein (CETP), shallow 

concentration of atherogenic LDL-C and VLDL-C, making them resistant to the 

development of atherosclerosis (Vergeer et al., 2010). Therefore, manipulation of 

the genes that are involved in lipid metabolism is required to overcome this issue 

(Getz and Reardon, 2012). For example, mice deficient in LDLR (Ldlr-/- mice) have 
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lower LDL-C clearance and therefore, high plasma level of cholesterol.    

Consumption of high fat/cholesterol diet leads to faster growth of atherosclerotic 

plaque phenotype in these two mice models. Véniant et al. (2001) showed that the 

total plasma cholesterol levels in apoe−/− mice are higher than in Ldlr−/− mice on a 

regular chow diet. They indicated, however, that the total plasma cholesterol levels 

in Ldlr−/− and apoe−/− mice homozygous for the hapoB-100 transgenic allele fed a 

regular diet are approximately similar but more atherosclerotic lesions appeared in 

Ldlr−/− ; apoB100/100 mice than the apoe-/-; apoB100/100 mice. They further explained 

that the differences in atherosclerosis susceptibility are due to the possible effect of 

lipoprotein size and number on atherosclerosis, independent of the plasma 

cholesterol levels (Véniant et al., 2001). 

Table 1.1 Overview of animal models of atherosclerosis * 

Model Lipid profile Advantages  & Limitations 

Rabbit 

VLDL 4 ug/ml 

LDL 8 ug/ml 

 HDL 18 ug/ml 

+ Similar lipoprotein metabolism with humans 

- Lack of hepatic lipase 

- No atherosclerotic lesions in the abdominal aorta 

Pig 

VLDL 5 ug/ml 

LDL 39 ug/ml 

HDL 52 ug/ml 

+ Many similarities of the cardiovascular system with 

humans 

+ Develop spontaneous atherosclerotic lesions 

-  Required long-time consumption of a rich cholesterol 

diet to develop atherosclerotic lesions 

-  High cost, not easy to handle 

Wild Type 

mice C57BL/6 

VLDL 8 ug/ml 

LDL 21 ug/ml 

HDL 97 ug/ml 

+ No genetic modification needed, fast and cost-effective 

- Different lipid metabolism compared to human 
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- Resistant to atherosclerosis development due to high 

level of HDL 

Apoe knockout 

mice 

↑↑ VLDL** 

↑ LDL 

↑ HDL 

+ Develop atherosclerotic lesions with normal diet 

- Different lipid metabolism compared to human 

-  ApoE plays a role in plaque development 

Ldlr knockout 

mice 

↑ VLDL 

↑↑ LDL 

= HDL 

+ Human-like lipid profile 

 - Requires high-fat diet 

-  Varies in atherosclerotic plaques development  

-  No spontaneous atherosclerotic development 

Apoe/Ldlr 

double-

knockout mice 

↑↑ VLDL 

↑↑ LDL 

↓ HDL 

+ Develop atherosclerotic lesions with normal diet 

-  Not suitable for studying the effect of PCSK9 as both 

genes are required for PCSK9 function 

ApoE3-Leiden 

mice 

↑↑VLDL 

↑ LDL 

↑ HDL 

+ It has functional apoE 

+ Similar lipoprotein profile to human 

- Limited accessibility and need several time-consuming 

and costly backcrosses 

AAV-PCSK9 

mice 

↑ VLDL 

↑ LDL 

= HDL 

+ No genetic modification needed, fast and cost-effective 

+ Similar lipoprotein profile to human 

- PCSK9 express consistently at high levels which make 

this model difficult to study PCSK9 regression (our 2nd 

study) 

Dog, Hamster, 

Birds, Guinea 

pigs 

These models have not extensively studied or used due to their significant 

amount of limitations 

* Contents are compiled from Veseli et al. (2017), Kapourchali et al.(2014) and Yin et al. (2012). 

** Lipid profile in genetically modified mice models is expressed compared with wild-type mice model. 
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ApoE knockout mice: apoE, a structural component of all lipoprotein particles 

except LDL, is a glycoprotein with a molecular weight of ~34 kDa, mainly synthesized 

in the liver and the brain. ApoE not only serves as a ligand for cell surface receptors 

to clear chylomicrons and VLDL remnants from plasma but also functions in 

cholesterol homeostasis, dietary absorption and biliary excretion of cholesterol and 

local redistribution of cholesterol (Mahley, 1988). In addition, it provides anti-

oxidative, anti-proliferative, and anti-inflammatory effects after its synthesis by 

monocytes and macrophages (Curtiss and Boisvert, 2000). Apoe knockout was the 

first developed mouse model with genetic modification (Piedrahita et al., 1992). They 

were born with the expected frequency and similar body weight as wild-type mice 

(Plump et al., 1992). Apoe knockout mice demonstrated a 5-fold increase in plasma 

level of cholesterol (400 mg/dl, 10.34 mmol/l) compared to the wild-type mice despite 

consuming a low-fat diet (Plump and Breslow, 1995). On a high-fat diet, plasma 

cholesterol level in apoe deficient mice is about 1821 mg/dl (47mmol/l). This marked 

hypercholesterolemia is primarily due to elevated levels of VLDL, IDL, and 

chylomicrons (Zhang et al., 1992). The vast majority of remnant lipoproteins in apoe 

knockout mice contain apoB48. Lipoproteins bind to the ligand-binding domain that 

consists of seven LDLR type A (LA) repeats. LDL binding requires LA repeats 3–7, 

which interact with apoB100 on LDL (Brown et al., 1981; Russell et al., 1989). The 

binding of VLDL and VLDL-remnants involves LA repeats 4 and 5, which associate 

with apoE. Another clearance pathway for VLDL is through LRP, which requires 

apoE as a ligand. 

In this genetically modified mouse model, atherosclerotic lesions are 

developed spontaneously in the aortic root, arch, and different branch points along 
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the aorta (Smith and Breslow, 1997). Moreover, feeding the mice with a high-fat diet 

for 10–14 weeks profoundly increased plasma level of total cholesterol (1000 mg/dl) 

and accelerated the formation of plaques in the sinus of the aorta, because apoe 

deficient mice are highly responsive to dietary fat and cholesterol (Reddick et al., 

1994). 

There are different factors that limit the usage of this model. First, they have 

a different lipid metabolism compared to the human.  In apoe deficient mice, most of 

the plasma cholesterol is accumulated in VLDL particles, unlike humans, where the 

majority of cholesterol is in LDL (Knouff et al., 1999). Secondly, it has been observed 

that apoE is not only involved in the clearance of plasma lipoproteins but also 

provides atheroprotective properties (Getz and Reardon, 2009). Thus, plaques 

appearance in the aorta of apoe deficient mice might not be only related to its plasma 

lipid levels. 

Ldlr knockout mice: To overcome the limitations of the apoe-/- mice, Ldlr 

deficient mice were generated (Sanan et al., 1998). LDLR, with a molecular weight 

of 160 kDa, is a membrane receptor with the primary function of cholesterol-rich LDL 

clearance. It also mediates the endocytosis of apolipoprotein B48- and E- containing 

lipoproteins such as chylomicron remnants and small size VLDL particles (Véniant 

et al., 2001). Therefore, it is easier to ascribe the effect of LDLR deficiency to 

lipoprotein homeostasis than any other process such as inflammation or cell 

proliferation (Getz and Reardon, 2012). The first Ldlr-/- mice model was developed 

in 1993 (Ishibashi et al., 1993). Impaired clearance of LDL in Ldlr-/- mice fed standard 

diet, resulted in an elevated plasma level of LDL, which led to a mild increase in 

plasma level of total cholesterol (250 mg/dl) (Ishibashi et al., 1993). Ldlr-/- mice fed 
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high-fat diet demonstrated a severe increase in plasma level of total cholesterol (900 

mg/dl), accumulation of VLDL and LDL in plasma and extended atherosclerotic 

plaques in the aorta (Merat et al., 1999). Plaque development is a time-dependent 

process, which starts in the proximal aorta and continues by spreading toward the 

distal aorta. Advanced lesions in Ldlr-/- mice fed with a Western-type diet contains a 

collagen-rich fibrous cap (Hartvigsen et al., 2007).  

LDLR mutations are more common in humans than those of apoe (Hobbs et 

al., 1990). The absence or deficiency in the function of the LDLR gene is responsible 

for the high prevalence of the FH phenotype (Defesche, 2004). Ldlr-/- mice and 

human subjects that are suffering from FH due to mutations in LDLR share similar 

lipid profile as well as similar characterization in the development of lesions in aortic 

valves and the aortic root (VanderLaan et al., 2009). Mice lacking LDLR compared 

to the apoE-deficient mice are more susceptible to diabetes and obesity. Thus, Ldlr-

/- mice are an appropriate model for studying the association between diabetes and 

atherosclerosis (Merat et al., 1999).  

The Ldlr knockout mice model has its own drawbacks, making it an imperfect 

model for studying atherosclerosis. First, Ldlr knockout mice, compared to the apoE 

deficient mice, are not an appropriate model for studying the molecular mechanisms 

in restenosis following angioplasty (Ali et al., 2006), since they are resistant to the 

injury-induced neointimal formation (Tian et al., 2006). The second problem of LDLR 

deficient mice is due to its limitation in developing atherosclerotic lesions when fed 

a standard diet (Herijgers et al., 1997). Also, Ldlr-/- mice fed with various 

concentration of dietary cholesterol respond differently regarding atherosclerotic 

plaques development (Ma et al., 2012). This caused difficulty in determining the 
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standard characteristics of the models developed in different laboratories. In most 

cases, the genetic background of the parental strain is C57BL/6 mouse, but it could 

be 129 strain. Thus, it is important to analyze the genetic background of the parental 

strain to ensure that it does not bias the results. 

Apoe/Ldlr double-knockout mice: Shortly after the development of single 

apoe-/- and Ldlr-/- mice, a new mouse model with a double knockout of apoE and Ldlr 

was generated to accelerate the development of plaques in the aorta (Bonthu et al., 

1997). A noticeable increase was detected in the spontaneous formation of 

atherosclerotic plaques and progression of atherosclerosis in double apoe/Ldlr 

knockout mice compared to the apoe-/- mice (Witting et al., 1999).  

The liver in mice produces two types of apolipoprotein B, apo B-100, and apo 

B-48 that are incorporated into VLDL (Scott, 1989).  VLDLs that contain apo B-100 

can be cleared from plasma by LDLR (Brown and Goldstein, 1983).  The clearance 

of apo B-48 particles from plasma depends on their ability in accepting large 

amounts of apo E, which is a ligand for the chylomicron remnant receptor and the 

LDLR (Mahley, 1988). Elevated plasma level of apoB48 and apoB100 has been 

reported in apoe/Ldlr double knockout mice (Ishibashi et al., 1994). Without 

considering the high level of both types of mouse apoB, no significant difference was 

observed in the lipoprotein profile of apoe-/- and apoe/Ldlr double knockout mice 

(Caligiuri et al., 1999). The advantages of double Ldlr/apoe knockout mice over the 

mice deficient for apoe or Ldlr alone is its   (Jawien et al., 2004). Therefore, this 

mouse model is appropriate for evaluating the effect of new treatments on 

atherosclerosis. However, they are not suitable for studying the effect of PCSK9 

regression on atherosclerosis because apoE and LDLR, both are required for 
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increasing the LDLR expression by inhibition of PCSK9 function (Ason et al., 2014; 

Denis et al., 2012). Ason et al. (2014) reported a minimal atheroprotective effect of 

PCSK9 inhibition in Ldlr-/- and apoe-/- strains. They suggested that the presence of 

apoE is needed for the uptake and intracellular trafficking of LDLR-bound 

lipoproteins. In this situation when there is no shuttling of the LDLR into the 

lysosomal degradation pathway, PCSK9 inhibition cannot be effective for rescuing 

the LDLR from degradation (Ason et al., 2014).  

ApoE3-Leiden mice: apoE3-Leiden mice model is attributed to the genetic 

form of hyperlipidemia and developed by isolation of a DNA construct from the 

APOE3-Leiden proband, which contains apoE gene, and all regulatory elements 

(Lutgens et al., 1999). The apoE3-Leiden mutation causes impaired VLDL-TG 

secretion (Mensenkamp et al., 2001), and apoE3-Leiden transgenic mice were 

generated to study the effect of the apoE3-Leiden mutation in vivo. ApoE3-Leiden 

mice fed a Western-type diet, demonstrated a high plasma level of total cholesterol 

and triglycerides that is due to the elevated level of VLDL and LDL particles. Thus, 

apoE3-Leiden mice demonstrate a similar lipoprotein profile to human (Van Vlijmen 

et al., 1994). Since apoE3-Leiden mice are able to synthesize functional apoE, it can 

overcome the drawbacks of apoe-/- mice in the inflammatory process. Therefore, it 

serves as a suitable model for studying the associated factors in the metabolism of 

apoE and high level of lipid in plasma (Gijbels et al., 1999). ApoE3-Leiden mice 

(37±0.6 weeks old) can develop early foam cell lesions after receiving standard 

mouse chow diet for 9 months. If they are fed high-fat/high-cholesterol diet, they will 

develop advanced atherosclerotic lesions in the aorta and large vessels after 6 

months (Lutgens et al., 1999). ApoE3-Leiden mice and humans demonstrated 
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similar vascular remodeling upon venous bypass grafting. This resulted in the 

conclusion that this mouse model is appropriate for evaluating the vascular problems 

that might occur after a clinical procedure of bypassing the obstruction of an 

atherosclerotic artery (Lardenoye et al., 2002). However, this model did not show 

any critical events, like thrombus formation and/or plaque rupture, which are the 

significant occurrences of human atherosclerosis (Lutgens et al., 1999). 

AAV-PCSK9 mice: A new mouse model of atherosclerosis without any 

germline genetic engineering was developed in 2014 by two independent research 

groups (Bjoerklund et al., 2014; Roche-Molina et al., 2015). The so-called Adeno-

associated virus (AAV)-PCSK9 is a fast and cost-effective mouse model of 

atherosclerosis, which can be used for different purposes. The function of PCSK9 in 

inducing the lysosomal degradation of LDLR and increasing the plasma 

concentration of LDL (Li et al., 2007) has been explained extensively earlier. 

AAV is one of the best candidates among viral vectors (Daya and Berns, 

2008) to cause long-term transgene expression in mice, non-human primates and 

humans (Zsebo et al., 2013). Stable mRNA expression of PCSK9 was detected in 

mouse liver after a single intravenous injection of AAV serotype 8, a liver tropism, 

expressing a mutant form of human (D374Y)-  or mice (D377Y) PCSK9 (Bjoerklund 

et al., 2014). This resulted in  ~10000-fold increase in plasma level of PCSK9 one-

month post-injection of low dosage (2.0X1010) of virus (Bjoerklund et al., 2014). High 

plasma level of PCSK9 remained stable even 1 year after viral infection. AAV-

PCSK9D374Y mice, fed western-type diet, demonstrated a very high plasma level of 

cholesterol (1165 mg/dl), which was distributed equally between VLDL and LDL 

particles (Roche-Molina et al., 2015). Moreover, atherosclerotic lesion formation was 
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observed in the aorta in a dose-dependent manner (Bjoerklund et al., 2014; Roche-

Molina et al., 2015). Remarkably, aortic lesions further developed to the fibro-

atheromatous stage (Bjoerklund et al., 2014; Roche-Molina et al., 2015) in a period 

of 15–20 weeks post-virus injection (Goettsch et al., 2016). In addition, no adverse 

effect, immunologic response or liver damage was observed in animals following 

AAV viral infection (Roche-Molina et al., 2015). Notably, the hypercholesterolemic 

phenotype of AAV-PCSK9DY mice resembled that of Ldlr-/- mice. Thus, Roche-Molina 

et al. (2015) hypothesized that injection of AAV-PCSK9D374Y into apoE-/- mice 

would result from having similar hypercholesterolemic features to that of double 

apoE/Ldlr knockout mice. As expected, the doubled size of lesions was measured in 

apoE−/− AAV-PCSK9D374Y mice compared to wild-type mice fed the same diet. 

However, no significant difference was observed in their lipoprotein profile (Roche-

Molina et al., 2015).  

Overall, AAV-PCSK9 mouse model is an appropriate model of 

atherosclerosis due to the stable expression of PCSK9 after a single administration 

of AAV-PCSK9, no reported adverse effect concerning AAV administration, and fast 

development of atherosclerosis plaques in aorta upon AAV-PCSK9 injection in 

combination with western-type diet (Roche-Molina et al., 2015). We used this mice 

model in our second study to investigate the effect of PCSK9 gene down-regulation 

on preventing the development of atherosclerosis disease.  

1.4.2  PCSK9 as a potential therapeutic target for reducing atherosclerosis 

The loss-of-function (LOF) mutations of PCSK9 in healthy individuals were 

shown to decrease plasma level of LDL-C by about 30% and risk of CHD by up to 
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88% (Cohen et al., 2005; Cohen et al., 2006). In addition, two healthy women were 

found to have PCSK9 LOF mutations on both alleles resulting in no functional 

PCSK9 and very low level of LDL-C in the blood (~85% less LDL-C than average; ≤ 

15 mg/dL) (Hooper et al., 2007; Zhao et al., 2006). Altogether, these findings have 

made PCSK9 an attractive target for the treatment of hypercholesterolemia. 

Inhibition of PCSK9 would be a useful therapy for hypercholesterolemia either alone 

or in combination with statins. Statins inhibit HMG-CoA reductase, the rate-

controlling enzyme for cholesterol synthesis, which induces SREBP2 activity and 

increases liver LDLR expression and plasma LDL-C clearance (Istvan, 2002; Dubuc 

et al., 2004; Dong et al. 2010). Using monoclonal antibodies or mimetic peptides to 

disrupt the PCSK9-LDLR interaction, and PCSK9 gene silencing using RNA 

interference or antisense oligonucleotides are different approaches to inhibit PCSK9 

functions as reviewed recently (Hess et al., 2018). Monoclonal antibodies and 

mimetic peptides target the extracellular function of circulating PCSK9, while both 

intra- and extracellular functions of PCSK9 can be affected by gene silencing and 

small molecule inhibitors (Table 1.3). 

Table 1.2 A summary of PCSK9-inhibiting drugs under-development 

PCSK9 inhibitor Agent Company Stage 

Antibody 

Alirocumab Sanofi/Regeneron Approved  

Evolocumab Amgen Approved  

Bococizumab Pfizer/Rinat Terminated 

MPSK 
3169A/RG7652 

Genentech/Roche Terminated 

LGT209 Novartis Terminated 

LY3015014 Eli Lilly Terminated 

RG-7652 Roche Terminated 

ALD-306 Alder Terminated 
siRNA ALN-PCS02 Alnylam Pharmaceuticals Phase 3 
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Small protein 
(adnectin) 

BMS-962476 
Bristol-Myers 
Squibb/Adnexus 

Terminated 

Small molecule 
inhibitor 

SX-PCK9 Serometrix LLC Terminated 

TBD 
Shifa-Biomedical 
corporation 

Terminated 

PF-06446846 Pfizer Terminated 
Synthetic 
compound 

K-312 Kowa Research Ins. Terminated 

Mimetic Peptides 

A peptide 
mimicking LDLR-
EGF A domain 

Genetech, Inc Terminated 

A peptide that 
mimics part of 
PCSK9 that binds 
to LDLR 

Genetech, Inc Terminated 

Antisense 
oligonucleotide 

SPC-5001 Santaris Pharma A/S Terminated 

- Idera Pharmaceutical Terminated 

Vaccine 

- Pfizer Preclinical 

ATH05, ATH06, 
ATH07 

Affiris AG Preclinical 

*adapted from (Mombelli et al., 2015 and Mullard and Asher 2017) 

 

Monoclonal antibodies: To date, the most effective PCSK9 inhibitors are 

monoclonal antibodies raised against the catalytic domain of PCSK9, which is 

responsible for interacting with LDLR. They prevent LDLR degradation by disrupting 

the interaction between PCSK9 and LDLR proteins (Chan et al., 2009). Among these 

antibodies, Evolocumab (Repatha, Amgen Inc.) and Alirocumab (Praluent, 

Sanofi/Regeneron Pharmaceuticals Inc.) are commercially available. PCSK9 

antibodies were approved in 2015 by the United States Food and Drug 

Administration and Health Canada to be used by patients that were unable to 

achieve an optimal plasma level of LDL-C, and have been diagnosed with 

atherosclerotic CVD or FH (Food and Administration, 2015a; Food and 

Administration, 2015b). Using approved monoclonal antibodies against PCSK9 in 
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high-risk patients largely reduced atherogenic lipid particles such as LDL-C, apoB 

and lipoprotein a, and demonstrated protective effects on CVD, MI, and stroke 

compared to the control (placebo) group (Schmidt et al., 2018). After using PCSK9 

antibodies, no increase in the risk of adverse events such as cancer and 

neurocognitive events were observed compared to the control group. However, their 

long-term efficacy and safety need to be followed (Schmidt et al., 2018). Since the 

efficiency of these antibodies depends on frequent subcutaneous administration 

(every 2 or 4 weeks) over a long time (Li et al., 2015a), their high production cost is 

still an important issue. Furthermore, reactions at the injection site and autoantibody 

production would be other possible limitations of this therapy. 

Small interfering RNA (siRNA) against PCSK9: RNA interference (RNAi) is a 

novel promising approach for the development of therapeutic gene silencing 

(Whitehead et al., 2009). Reduction in PCSK9 transcription using small interfering 

RNA (siRNA) led to a decrease in mRNA level of PCSK9 by 50-70% in the liver of 

mice and rats, which led to a decrease (~60%) in plasma level of cholesterol (Frank-

Kamenetsky et al., 2008). In addition, a single intravenous injection of siRNA 

resulted in PCSK9 gene silencing for up to 3 weeks, which suggest the potential of 

this new class of drugs for the treatment of hypercholesterolemia (Frank-

Kamenetsky et al., 2008). Phase-I clinical trial of PCSK9 siRNA (0.4 mg/kg; ALN-

PCS siRNA, Alnylam Co., MA, USA) was performed on 32 healthy volunteers with a 

baseline level of LDL-C (~3 mmol/L), which was reduced by 41% upon PCSK9 

siRNA injection (Fitzgerald et al., 2014). This study was pushed to a phase-II clinical 

trial, and its results were presented in November 2016 at a meeting of the American 

Heart Association (AHA). Their results demonstrated that single subcutaneous 
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injection of ALN-PCS (Inclisiran) to the patients with high plasma level of LDL 

reduced the average level of LDL-C by 51% three-month post siRNA injection (Ray 

et al., 2017). Moreover, the second injection of the same dose of inclisiran reduced 

the level of LDL-C by 57% after 180 days (Ray et al., 2017). After monoclonal 

antibodies, inclisiran is considered as the most promising PCSK9 inhibitor. However, 

several shortcomings limit the utility of siRNA as a therapeutic method. These 

limitations are mainly:  

 Unfavorable physicochemical properties such as negative charges, massive 

molecular weight, and size (Takahashi et al., 2009; Whitehead et al., 2009). 

 Low effectiveness as lysosomal degradation of siRNA after endocytosis may 

reduce its therapeutic activity (Tseng et al., 2009). 

 Safety as competition between siRNA and endogenous RNA can lead to the 

saturation of the microRNA processing pathways and cause toxicity and liver 

damage (Grimm et al., 2006).  

 Stimulation of innate immune responses (Akhtar and Benter, 2007)  

 Off-target silencing (Schiffelers et al., 2004)  

Antisense oligonucleotides (ASOs): Antisense oligonucleotides (ASOs) 

are short nucleic acid sequences that reduce the levels of the targeted mRNA via 

RNase H1-dependent degradation (Vickers and Crooke, 2014). ISIS 394814 is an 

ASO that is targeting the mRNA of mouse PCSK9. ISIS 394814 was well tolerated 

in mice, and its administration led to a sharp (92%) reduction in mRNA expression 

of PCSK9 in mouse liver and lower level of total cholesterol and LDL-C in mouse 

plasma (Graham et al., 2007). Also, a higher protein level of LDLR was observed in 
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mouse hepatocytes six weeks after ISIS 394814 administration (Graham et al., 

2007). However, the company stopped working on the drug because of injection site 

reactions and safety concerns (van Poelgeest et al., 2015). Another ASO against 

PCSK9 corresponds to the second generation ASO (locked nucleic acid, LNA) that 

target PCSK9 with more specificity and higher affinity (Gupta et al., 2010). Its 

administration to mice decreased PCSK9 mRNA by 60% and increased protein level 

of LDLR ∼3-fold in mouse liver (Gupta et al., 2010). In addition, treating the non-

human primates with the LNA ASO SPC5001 reduced plasma level of PCSK9 and 

LDL-C by 85% and 50%, respectively (Lindholm et al., 2012). However, the 

development of second-generation ASOs (SPC5001 and BMS-844421) is not 

proceeding anymore because of undisclosed reasons. 

Mimetic peptides: A synthetic peptide, mimicking the EGF-A domain of the 

LDLR, has been developed to inhibit the PCSK9-LDLR interaction (Shan et al., 

2008). Shan et al. (2008) demonstrated that EGF-A peptide could inhibit LDLR 

degradation in the presence of exogenous recombinant PCSK9 in HepG2 cells. 

Then, a comparative study of a truncated 26 amino acid EGF-A analog led to the 

finding of the most potent peptide capable of inhibiting PCSK9 function and reduce 

LDLR degradation (Schroeder et al., 2014). The hydrogen bond between Tyr-306 in 

EGF-A variant (H306Y) of LDLR and Asp-374 (D374) in PCSK9 increases the affinity 

of the receptor to PCSK9 at neutral pH. Thus, LDLR-EGF-A (H306Y) sub-fragments 

were generated to enhance the potency of these peptides (McNutt et al., 2009). 

Upon addition of inhibitory peptides to the medium of hepatic cells stably 

overexpressing WT PCSK9 or GOF variants (D374Y or S127R), LDLR levels 

recovered to those of control cells. However, the affinity of these peptides for PCSK9 
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is lower than anti-PCSK9 monoclonal antibodies, and peptides with higher affinity 

are still needed to potentially inhibit PCSK9 binding to LDLR. Another option instead 

of using the analog of the EGF-A domain from LDLR was to use small peptides from 

pro- and catalytic domains of PCSK9 that compete with full-length PCSK9 for LDLR 

binding (Palmer-Smith and Basak, 2010). In this study, two catalytic domain peptides 

hPCSK9 (181-200) and hPCSK9 (368-390) were shown to increase PCSK9- 

functional activity and reduce LDLR level. In vitro and in vivo analysis demonstrated 

that a discrete PCSK9 C-terminal domain protein could compete with full-length 

PCSK9 for binding to the LDLR and reduce degradation of LDLR by PCSK9 (Du et 

al., 2011). Also, two groups of phage-displayed peptide libraries, Linear-lib and 

Cyclic-lib, were constructed by Zhang et al. (2014). Their study resulted in the 

identification of a 13-amino acid linear peptide (Pep2-8) that specifically bound to 

PCSK9 and inhibited LDLR and EGF (A) domain binding to PCSK9 (Zhang et al., 

2014). Although in vitro and preliminary in vivo analysis demonstrated a promising 

therapeutic effect of peptide-based PCSK9-inhibitors, the critical impediments to 

their successful clinical use cannot be ignored. The limitations of developing PCSK9 

inhibitory peptides are due to their stability in oral delivery since they can be 

degraded in the gastrointestinal system before exhibiting any therapeutic benefit. 

We also studied whether peptide inhibitors could protect LDLR from being 

degraded through the PCSK9 extracellular pathway. We found a 22 amino acids 

peptide, based on a modified sequence of PCSK9 that inhibits LDLR degradation, 

without directly binding to the LDLR, possibly by impeding the receptor from reaching 

the lysosomes.  
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Adnectins (Monobodies): Adnectins are small proteins (~12 kDa) based on 

fibronectin and their structure, -sheet with branched-out loops, can be engineered 

to increase their affinity for binding to a specific therapeutic target (Koide et al., 1998; 

Wojcik et al., 2010). For in vivo trials, it is required to perform pharmacokinetic 

enhancement modification to prevent the rapid filtration by kidney due to their small 

size. Interaction of PCSK9 to the EGFA domain of LDLR suggests that LDLR-EGFA 

is the most suitable target to develop PCSK9-centric lipid-lowering therapy (Zhang 

et al., 2007). A progenitor adnectin clone, targeting the LDLR-EGFA domain-binding 

site of the PCSK9 surface, was prepared using mRNA display (Mitchell et al., 2014). 

A maximal dose (1mg/kg) administration of an adnectin inhibitor of PCSK9, BMS-

962476, on 64 healthy subjects reduced free PCSK9 by >90% and level of LDL-C 

by 48% (Stein et al., 2014). Moreover, this study demonstrated that BMS962476 was 

well tolerated over a trial period of 43 days (Stein et al., 2014). However, more 

studies with a more significant number of subjects and longer time duration are 

required to get a better insight into the effect of BMS962476 on safety, tolerability, 

and pleiotropic functions of PCSK9. 

Small molecule inhibitors of PCSK9: Small molecules (< 900 daltons) are 

compounds that bind to the DNA, RNA or protein targets and inhibit their biological 

function. Inhibition of PCSK9 using small-molecules has attracted considerable 

attention, which has been recently reviewed by Xu et al. (2018). Oral administration 

and low preparation cost of these molecules are advantages over mAbs and siRNAs. 

However, low stability and bioavailability of the small molecules in the blood 

(Williams et al., 2013), and difficulties in designing a small molecule targeting the 
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large LDLR-binding site on the surface of PCSK9 (Surdo et al., 2011) might limit the 

production of these molecules.  

Despite all difficulties, Cameron et al. (2008) found a plant-derived substance 

that inhibits the function of PCSK9. This small molecule is called Berberine 

(Cameron et al., 2008). Also, Shifa Biomedical (PA, USA) developed small 

molecules that either prevent the interaction of PCSK9 to the LDLR or prevent the 

secretion of PCSK9 by blocking the autocatalytic cleavage of PCSK9 (Crunkhorn, 

2012). However, these molecules have low potency that makes them unusable for 

clinical trials (Crunkhorn, 2012). Pfizer screened 2.5 million anti-PCSK9 small 

molecules over 5 years and ended up with a single compound, PF‐06446846, which 

was highly selective for PCSK9, but they never advanced into clinical phases 

because of off-target effect and low potency (Lintner et al., 2017; Mullard and Asher, 

2017). 

PCSK9-vaccine: A recent work demonstrated that peptide-based anti-

PCSK9 vaccines are efficient tools for long-term LDL-C management through 

inducing the generation of antibodies, which remain functional for more than a year 

(Galabova et al., 2014). The rationale behind vaccine-immune therapy is to elicit 

high-affinity and long-lasting antibodies by stimulating the immune system 

(Schneeberger et al., 2010). Based on the mechanism of molecular mimicry, three 

different peptide-based vaccine candidates, ATH04, ATH05, and ATH06 were 

selected to produce PCSK9-specific antibodies in humans (Galabova et al., 2014). 

Preclinical studies in a period of ten months on wild-type mice, Ldlr+/− mice, and 

rats demonstrated a significant reduction in the level of LDL-C (50-55%) following 

three to four vaccination using the identified vaccine candidates (Galabova et al., 
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2014). Furthermore, it has been demonstrated that immunization of atherosclerotic 

APOE*3Leiden-CETP mice with the AT04A anti-PCSK9 vaccine, led to a decrease 

in plasma level of PCSK9 as well as the number and the area of atherosclerotic 

lesions in the aortic wall (Landlinger et al., 2017; Ummarino, 2017). More studies are 

needed to find the optimal immunization dosage of candidate PCSK9 vaccines and 

investigate their long-term effect on safety, tolerability, and induction of a humoral 

immune response. If the results of the future studies were promising and successful, 

then the annual administration of anti-PCSK9 vaccine could count as an innovative 

therapy for atherosclerosis treatment. 

Genome editing technique with CRISPR-Cas9: CRISPR (clustered 

regularly interspaced short palindromic repeats) is an adaptive immune system that 

is found in various species of bacteria and archaea (Sander and Joung, 2014). 

Approaches based on this mechanism helped to develop new therapies based on 

genome editing and facilitates the generation of cell lines and mice with altered 

alleles (Wright and Doudna, 2016). However, this therapy strategy is not yet 

appropriate for human use. Therefore,  a mouse model with a humanized liver was 

used to investigate further the efficacy of this strategy (Strom et al., 2010).  

Administration of an adenovirus expressing Cas9 and a CRISPR guide RNA 

targeting PCSK9 in hepatocytes resulted in high mutagenesis rate of PCSK9 (>50%) 

in mouse liver 3-4 days post virus injection (Ding et al., 2014). Consequently, the 

plasma level of PCSK9 was reduced, which led to an increase in the level of LDLR 

and ~40% decrease in plasma level of total cholesterol. This study suggested that 

in vivo use of CRISPR-Cas9 genome editing might modify PCSK9 alleles 

permanently and function as a one-time cure (Ding et al., 2014). However, to test 
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this hypothesis and determine if there are off-targets, the CRISPR-Cas9 needs to be 

examined over an extended period. 

Initiation of the inflammatory response in humans upon administration of an 

adenovirus, as well as difficulty in infecting the human hepatocytes with the strains 

of adenoviruses, are the major roadblocks in using the CRISPR/Cas system (Ding 

et al., 2014). Therefore, more research is needed to solve the safety and delivery 

problems prior to its application in human subjects. 

1.5  Golgi Glycoprotein 1 (GLG1) and atherosclerosis 

Golgi Glycoprotein 1 (GLG1) is a cysteine-rich membrane sialoglycoprotein 

located at the medial cisternae in neurons of the Golgi apparatus (Ahn et al., 2005). 

It has other aliases such as E-Selectin Ligand-1 (ESL-1) (Steegmaler et al., 1995), 

Golgi Sialoglycoprotein MG-160 (Stieber et al., 1995), Cysteine-rich fibroblast 

growth factor receptor-1 (CFR-1) (Burrus et al., 1992), and latent transforming 

growth factor-β complex protein 1 (LTCP-1) (Olofsson et al., 1997). GLG1 is a 

multifunctional protein but mainly function as a cell adhesion ligand of E-selectin and 

mediate leukocyte-endothelial interactions (Steegmaler et al., 1995). GLG1 is also 

an essential protein in mouse embryonic development. The study of Miyaoka et al. 

(2010) demonstrated that deficiency of GLG1 results in perinatal mortality and ~90% 

early postnatal death. In the study of Luo et al. (2012), none of the Glg1-/- mouse 

embryos survived. However, some other studies have shown that surviving 

homozygous Glg1-deficient mice survived for at least 40 weeks, but with reduced 

body weight, skeletal malformation (Yang et al., 2013; Yang et al., 2010), 

splenomegaly, and higher numbers of blood neutrophil and monocyte 
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(Sreeramkumar et al., 2013). The gene encoding the GLG1 protein, known as GLG1 

gene, has been assigned to human chromosome 16q22-q23 (Mourelatos et al., 

1995). 

1.5.1  GLG1 structure 

The cDNA sequence of human GLG1 (isoform 3) encodes the mRNA 

transcript of 3,513 base pairs, and a polypeptide with 1,179 amino acids, which is 

targeted to the cell-surface (Gonatas et al., 1995).  

GLG1 comprises an N-terminal cleavable signal peptide (26-residue), 

followed by a proline-glycine-rich section (amino acids 31-99), 16 cysteine-rich 

repeats (~60 amino acids each), and five NXT glycosylation sites in its extracellular 

domain. Following the transmembrane domain (22 residues), the cytosolic C-

terminal domain is composed of a cytoplasmic tail of 13 residues (Gonatas et al., 

1995). The molecular weight of the primary translational product of GLG1, 

unglycosylated precursor of GLG1, is about 130 kDa (Gonatas et al., 1995; Johnston 

et al., 1994), which increases to 150 KDa upon its posttranslational glycosylation 

(Gonatas et al., 1989; Johnston et al., 1994). GLG1-glycoprotein undergoes a 

maturation process leading to a sialylated and fucosylated carbohydrate structures 

with ~160 kDa (Gonatas et al., 1989; Johnston et al., 1994). Finally, proteolytic 

cleavage in the extracellular domain of GLG1 (Olofsson et al., 1997), via furin-like 

proprotein convertase and metalloproteases, leads to the production of two secreted 

polypeptides with the molecular weight of 150 kDa and 55 kDa (Antoine et al., 

2009a). The secreted glycoprotein, which is cleaved in the extracellular domain, is 

highly sialylated and N-glycosylated (Köhl et al., 2000).  
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Alternative splicing of GLG1 gene (isoform 2) encodes a polypeptide with 

1,192 amino acids, 24 extra amino acid residues at its C-terminal domain compared 

to isoform 3 of GLG1, which is expressed in Golgi (Ahn et al., 2005). It has been 

suggested that production of GLG1 is species-specific since its expression has been 

observed in human but not murine (Ahn et al., 2005) or chicken (Antoine et al., 

2009b).  

1.5.2  GLG1 localization and functions 

GLG1 is widely distributed throughout the body within various organs and 

could induce pleiotropic effects depending on its subcellular localization (Gonatas et 

al., 1989). GLG1 is localized in the medial cisternae of the Golgi apparatus in 

neurons (Gonatas et al., 1989), at the cell surface in mouse myeloid cells, and its 

posttranslational modification, C-terminal tail truncation, in 32Dc13 cells, K46 

lymphoma cell line, and mouse neutrophils mediate its displacement to the plasma 

membrane and filopodia (Steegmaier et al., 1997; Gonatas et al., 1998).  

Different aliases of GLG1 are MG160 identified in rat brain (Gonatas et al., 

1998), ESL-1 at the cell-surface of murine myeloid cells (Steegmaler et al., 1995), 

and CFR-1 in chick embryos (Burrus and Olwin, 1989).  

The structure of CFR-1 contains 16 cysteine-rich repeats in the intraluminal 

domain, two potential proteolytic cleavage sites of 2-3 amino acid residues close to 

the transmembrane domain, and a short cytoplasmic tail (Olofsson et al., 1997).  

Although GLG1 lacking the short cytosolic tail is preferentially expressed at 

the cell surface, artificial constructs of GLG1 without cysteine-rich repeats are 

extremely unstable (Miyaoka et al., 2011).  This short half-life of the truncated GLG1 
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constructs, lacking the C-terminal domain, is not due to the proteolytic cleavage, nor 

lysosome or proteasome degradation pathways (Miyaoka et al., 2011). Instead, 

mutation analysis determined that Cfr repeats are specific for protein destabilization, 

and cleaved proteins are destabilized at the cell surface due to less number of 

cysteine-rich repeats (Miyaoka et al., 2011).  

Immunofluorescence staining demonstrated GLG1 accumulation in a 

juxtanuclear position in COS-1 cells (Antoine et al., 2009b). Furthermore, the 

experimental analysis demonstrated that addition of heparin to the media of the cells 

resulted in an increase in GLG1 translocation to the cell-medium due to the high 

GLG1-heparin binding affinity (Antoine et al., 2009b). This suggests that GLG1 could 

mediate different physiological functions through its binding with a variety of 

molecular targets. 

1.5.3  GLG1 interacting partners 

Interaction of GLG1 with different proteins (depending on the experimental 

cell types), has been found in the secretory pathway and demonstrated different 

functions. So far, it is known that GLG1 plays a role in processing and targeting the 

fibroblast growth factor (FGF), and latent TGF-β complex in cells. Also, the function 

of GLG1 in E-selectin adhesion/signaling ligand is identified. However, all interacting 

proteins and functions of GLG1 are not yet known, and their identifications require 

further research. 

1.5.3.1 GLG1 interacts with FGF 

Interaction of GLG1 with FGFs was discovered by Burrus and Olwin in  1989. 

FGFs are a family of growth factors with at least 22 members. They mediate a variety 
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of vital functions through their interaction with FGF receptor tyrosine kinases 

(FGFR1-FGFR4). Essential functions regulated by FGFs are such as cell 

proliferation, differentiation, and migration, tissue repair, and organ development 

(Eswarakumar et al., 2005). 

Cell-transfection experiments and biochemical analysis demonstrated the 

interaction of GLG1 with FGF1, FGF2 (Burrus and Olwin, 1989), FGF3 (Köhl et al., 

2000), and FGF4 (Burrus et al., 1992). A similar binding site for FGF-2 is found on 

GLG1 and FGF receptors demonstrating that these two receptors compete for this 

interaction and cannot bind concomitantly with FGF-2 (Zhou et al., 1997). Additional 

experiments demonstrated reduced intracellular protein level of FGF-1 and FGF-2 

in CHO cells upon expression of full-length GLG1 (Zuber et al., 1997). Also, co-

transfection of COS-1 cells with pCFR1.1, an uncleavable construct of GLG1 (Burrus 

et al., 1992), and FGF-3 resulted in sequestering the FGF-3 in the Golgi apparatus 

and consequently reduced its secretion into cell-media (Köhl et al., 2000). 

The binding site of GLG1 with FGFs was identified experimentally using 

different GLG1 constructs with deletion mutants. A region of GLG1 with ~200 amino 

acid, GLG1290-496, showed a binding affinity to the FGFs (Zhou et al., 1997).  

Moreover, this study resulted in the identification of another fragment of GLG1, 

GLG1625-740, as the binding site with FGFs (Zhou et al., 1997). The identified binding 

sites of GLG1 with FGFs indicate the importance of luminal cysteine-rich repeats of 

GLG1 in this interaction (Zhou et al., 1997). 

Unlike the interaction between FGFs and their receptors, the presence of 

heparan sulfate proteoglycans is not necessarily required for the GLG1-FGFs 

interaction (Zhou et al., 1997) but it increases (2-3 fold) their interaction. The reason 
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for this increase was mainly due to the effect of heparan sulfate in increasing the 

ionic strength rather than through its direct association with FGFs. However, since 

GLG1 can also interact with heparin, two mechanisms were suggested for its 

interaction with FGFs. First, FGFs directly binds to the cysteine-rich repeats of 

GLG1. Secondly, the indirect interaction between GLG1 and FGFs is mediated by 

heparan sulfate (Zhou et al., 1997).  

Immunoprecipitation experiments revealed that there is a physical interaction 

between GLG1 and FGF18 in COS7 cells (Miyaoka et al., 2010). Furthermore, GLG1 

is involved in regulating the signaling pathway of FGF18, which is a prerequisite 

growth factor for hypertrophy, differentiation/proliferation of chondrocyte (Ohbayashi 

et al., 2002), and vascularization of growth plates (Liu et al., 2007). Mice with 

disrupted FGF18 demonstrated reduced embryonic alveolar development, delayed 

osteogenic differentiation, and increased chondrocyte differentiation and 

proliferation (Liu et al., 2007). The phenotype of Glg1-/- mice resembles the 

phenotype of FGF18 knockout mice, in displaying growth retardation, tail 

malformation, and cleft palate, which caused the presence of a bloated abdomen 

(Miyaoka et al., 2010). Mice lacking either GLG1 or FGFs died mostly at the 

embryonic stage, while few survivor mice were smaller than wild-type mice and 

demonstrated few physical abnormalities (Miyaoka et al., 2010). Also, mice double 

heterozygous for GLG1, and FGF18 (Glg1+/- and Fgf18+/-) had a significantly lower 

weight than a control group. These mice demonstrated early onset of tail 

malformation at a prevalence of 83% (Miyaoka et al., 2010). In contrast, no abnormal 

phenotype was observed in mice with single haploinsufficiency of either GLG1 or 

FGF18 (Luo et al., 2012). 
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The interaction of GLG1 with delta-like protein (DLK) was shown by Miyaoka 

et al. (2010). DLK, also called preadipocyte factor 1 (Pref-1), is a transmembrane 

protein with six epidermal growth factor (EGF) repeats in its extracellular domain. 

Moon et al. (2002) demonstrated a loss of antiadipogenic action in Pref-1-null mice, 

which leads to disturbed homeostasis of triglycerides, free fatty acids, and 

cholesterol. Thus, knockout of Dlk in mice resulted in increased serum lipid 

metabolites, increased adiposity, and obesity phenotype (Moon et al., 2002). 

Immunoprecipitation and blotting experiments revealed that DLK significantly 

prevents GLG1/FGF18 interaction (Miyaoka et al., 2010). Thus, we can conclude 

that a significant reduction in GLG1/FGF18 binding reduces FGF18 signaling.  

1.5.3.2 GLG1 is an E-selectin ligand 

The interaction of GLG1 (or ESL-1) with E-selectin was observed at the surface of 

myeloid (Steegmaler et al., 1995) and neutrophil cells (Steegmaier et al., 1997). Cell-

surface expression of GLG1 is required for its function as an E-selectin ligand 

(Antoine et al., 2009b; Steegmaier et al., 1997). The interacting proteins with E-

selectin require having sialylated and fucosylated carbohydrate structures (Zöllner 

and Vestweber, 1996). E-selectin, a type I calcium-dependent transmembrane 

glycoprotein, is synthesized by endothelial cells. Its expression is inducible by tumor 

necrosis factor (TNF), nuclear factor κB (NF-κB), interleukin (IL)-1, and hypoxia 

(Russell et al., 2000). During inflammation, selectins regulate leukocyte rolling and 

initiate their extravasation by interacting with leucocytes on the apical surface of 

endothelial cells (Bevilacqua and Nelson, 1993).  

Surface plasmon resonance (SPR) was used to determine the affinity of E-

selectin to its ligand, ESL-1 (GLG1), which was extracted from bone marrow (Wild 
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et al., 2001). In this study, the dissociation and association rate constant of GLG1 to 

E-selectin was found to be 4.6 s-1 and 7.4×104 M-1 s-1, respectively. Also, the 

GLG1/E-selectin interaction was not altered by a change of temperature in normal 

physiological conditions (Wild et al., 2001). Although E-selectins are involved in 

leukocyte rolling and interact robustly with GLG1, the absence of GLG1 in leukocytes 

demonstrated only a minor alteration in the function of leukocytes in vivo and binding 

of proteins to E-selectin in vitro (Hidalgo et al., 2007). This effect suggested that 

other E-selectin binding proteins are involved in hematological homeostasis. Xia et 

al. (2002) reported that P-selectin glycoprotein ligand-1 (PSGL-1) is not only the 

primary ligand of P-selectin but also interacts with E-selectin. To better determine 

the contribution of PSGL-1 and GLG1 in myeloid cell trafficking, mice doubly 

deficient in both glycoproteins were produced, and their effect in hematological 

homeostasis was compared (Sreeramkumar et al., 2013). Mice lacking GLG1 and 

PSGL-1 demonstrated splenomegaly and morphological defects similar to single 

Glg1 knockout mice (Sreeramkumar et al., 2013). Sreeramkumar et al. (2013) further 

demonstrated that double knockout mice had a higher level of blood neutrophils and 

monocytes than Glg1 knockout mice, while no difference was observed in 

lymphocytes count between these two groups. Also, their findings demonstrated that 

GLG1 and PSGL1 have a role in regulating neutrophil homeostasis and clearance 

of myeloid leukocytes (Sreeramkumar et al., 2013). Although GLG1 was not involved 

in leukocyte rolling velocity, its effect was dominant for binding to the E-selectin and 

migration of immature hematopoietic cells (Sreeramkumar et al., 2013).  

Werneburg et al. (2016) reported that GLG1, a Golgi‐localized polysialylated 

protein, is a novel carrier of polysialic acid (polySia), which is also stored in the Golgi 
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apparatus of mouse microglia. GLG1 is involved in the regulation of microglial activity 

and human THP-1 macrophages in the inflammatory progress. PolySia is released 

in response to lipopolysaccharide (LPS) or injury to control pro-inflammatory process 

(Werneburg et al., 2016). Secretion of GLG1-PolySia is dependent on 

metalloproteinase‐mediated protein ectodomain shedding (Antoine et al., 2009b) 

and shedding of GLG1-PolySia complex act as a negative feedback regulator of NO 

and cytokine production (Werneburg et al., 2016). 

1.5.3.3 GLG1 is a latent TGF-β-binding protein 

Transforming growth factor-β (TGF-β), a family of 25-kDa dimeric proteins 

having different isoforms (i.e., TGF-β1, -β2 and -β3 with distinct biological activities) 

(Sporn and Roberts, 1990), are secreted in a complex with latency-associated 

peptides (LAP) from various cell types (Miyazono et al., 1993). TGF-β can be 

produced in the skeletal system, where it is involved in regulating the cartilage and 

bone plate homeostasis (Annes et al., 2003). Moreover, its signaling is an essential 

factor in the regulation of various cellular processes such as cell growth, 

differentiation, proliferation, migration, adhesion, and apoptosis (Sporn and Roberts, 

1990; Ten Dijke et al., 2002), as well as specification of developmental fate, in 

embryos and mature tissues, in various types of species including flies, worms and 

mammals (Massagué and Chen, 2000 ; Patterson and Padgett, 2000).  

The inactive precursor of TGF-β (pro–TGF-β), the initial form of TGF-β in the 

secretory pathway, undergoes posttranslational cleavage/maturation process by a 

furin-like protease to become active. This maturation process occurs in the Golgi 

apparatus at a site of TGF-β, that is between the latency domain and ligand domain 

(Annes et al., 2003; Dubois et al., 1995; Janssens et al., 2005; Miyazono et al., 
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1992).  Yang et al. (2010) demonstrated that GLG1 could inhibit TGF-β maturation 

by downregulating the activity of furin-like protease in murine chondrocytes and 

HEK293 cells. They further explained that direct interaction of GLG1 with TGF-β in 

Golgi apparatus prevents TGF-β maturation and thereby limiting its bioavailability 

(Yang et al., 2010).  

Latent TGF-β complexes, composed of mature TGF-β, LAP and latent TGF-

β binding protein-1 (LTBP1) (Dallas et al., 1994; Miyazono et al., 1991; Olofsson et 

al., 1992), have been identified in human platelets (Miyazono et al., 1988; Wakefield 

et al., 1988), and rat platelets (Okada et al., 1989). The disulfide interaction between 

LTBP-1 and LAP forms complexes with a molecular weight around 230 kDa. 

Interaction of TGF-β with different proteins depending on the cell type might change 

its functional properties. Olofsson et al. (1997) demonstrated that TGF-β could also 

interact with GLG1 apart from its interaction with LAP in latent TGF-β complexed 

protein-1 (LTCP-1). Olofsson et al. (1997) purified LTCP-1 from the conditioned 

medium of Chinese hamster ovary (CHO) cells that were transfected with TGF-β1 

cDNA. Moreover, their results demonstrated high mRNA expression of LTCP-1 in 

the ovary, placenta, and testis compared to other tissues (Olofsson et al., 1997). 

Binding of TGF-β ligand to the assembled type I and II receptor 

serine/threonine kinases at the cell surface results in phosphorylation of receptor I 

via receptor II and initiation of TGF-β signaling. TGF-β signaling leads to 

phosphorylation and thereby, activation of Smad proteins. Then, activated Smad 

proteins translocate to the nucleus and associate with other nuclear cofactors to 

regulate the transcription of target genes (Shi and Massagué, 2003). It has been 

demonstrated that high expression of GLG1 inhibits TGF-β/Smad signaling (Yang et 
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al., 2010), while its deficiency in Glg1-/- mice led to an increased level of TGF-β 

signaling (Yang et al., 2010). Dysregulation in the signaling of TGF-β inhibits growth 

plate homeostasis and is the leading cause of skeletal dysplasia (Kronenberg, 2003; 

Kronenberg, 2007). Severe shortening of all structural elements in Xenopus laevis 

embryo, which was injected with GLG1 mRNA, was due to the reduced level of TGF-

β signaling (Yang et al., 2010). Also, increased TGF-β signaling in Glg1-/- mice, led 

to an increase in TGF-β downstream factors such as a parathyroid hormone-related 

peptide (PTHrP), which resulted in reduced chondrocyte proliferation, chondrocyte 

cell-density and, shortening of the growth plates (Yang et al., 2010). Yang et al. 

(2013) later confirmed that the absence of GLG1 in primary culture osteoblasts led 

to a delayed differentiation, mineralization, and stimulation of osteoclastogenesis. 

The absence of difference in bone homeostasis in primary culture of Glg1-/- 

osteoclasts suggested that GLG1 primarily acts in osteoblasts for bone hemostasis. 

Their investigations further clarified the effect of increased TGF-β signaling in 

differentiation and coupling of osteoclasts-osteoblasts and abnormal phenotypes of 

Glg1-/- mice (Yang et al., 2013). 

1.5.4 GLG1 role in cancer  

Activation of hepatic stellate cells (HSC), pericytes of liver sinusoidal 

endothelial cells, and consequently their transdifferentiation into myofibroblasts are 

the essential steps for the repair of injured hepatic tissue, angiogenesis of hepatic 

metastases and liver regeneration (Balabaud et al., 2004; Friedman, 2003). Antoine 

et al. (2009b) showed a functional E-selectin binding activity for GLG1 and α·(1,3)-

fucosyltransferases VII (FucT7) on the cell surface of HSC. This binding was 
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reduced under hypoxic conditions, while the expression level of GLG1 remained 

constant. They further explained that the loss in cell surface GLG1 binding activity 

might be due to the increased level of cleaved and secretory form of GLG1 in 

oxygen-deficient HSC, which consequently could affect liver metastasis and 

inflammatory liver diseases. 

It has been shown that GLG1 is involved in prostate cancer metastasis 

(Yasmin-Karim et al., 2014). In cancer metastases, primary tumor cells attach to 

bone marrow endothelial cells and undergo morphogenetic changes to become 

circulating tumor cells (CTCs) (He et al., 2010). Rolling of CTC on the endothelial 

cell surfaces that express E-selectin, subsequently cause a bone metastasis 

(Dimitroff et al., 2004). Yasmin-Karim et al. (2014) reported that elevated level of E-

selectin ligands in prostate tumor metastasis (Dimitroff et al., 2004), and more 

specifically ESL-1 (GLG1) upregulates adhesion of circulating prostate cancer (PCa) 

cells to bone marrow vascular epithelium cells by activating RAS-MAP signaling 

kinase pathway, which subsequently induces oncogenicity and cancer cell 

metastasis. The authors confirmed their observations by demonstrating impaired 

rolling and low level of cancer aggressiveness in Glg1-knockdown cells (Yasmin-

Karim et al., 2014). 

1.5.5 GLG1 role in atherosclerosis 

Despite clinical improvements in cardiac therapy, cardiovascular disease is 

still one of the predominant causes of death (Mathers et al., 2001). Several large 

epidemiological studies have consistently reported that atherosclerosis is one of the 

most common forms of cardiovascular diseases (Feigin et al., 2016). Two major 
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conditions in atherosclerotic disease are ischemic heart disease and 

cerebrovascular disease, mainly ischemic stroke. The mortality from these two 

conditions was 248 per 100,000 in 2013, representing 84.5% of cardiovascular 

deaths and 28.2% of all-cause mortality (Barquera et al., 2015). Atherosclerosis is a 

complex disease that could be caused by multiple factors including genetic, 

environment and lifestyle. Other events, such as endothelial dysfunction, 

inflammation, abnormal lipoprotein metabolism, dysfunctional coagulation, and 

fibrinolysis, play a key role in the Pathogenesis of Atherosclerosis. Epidemiological 

studies, as well as animal studies have shown that there are number of genes in 

which mutations are associated with the incidence of atherosclerosis disease. Some 

of these candidate genes are LDLR, apoB, apoE, ATP Binding Cassette Transporter 

1 and scavenger receptor class B type 1. Identification and characterization of new 

genes that might be involved in atherosclerotic cardiovascular disease are highly 

valuable. 

 

 Luo et al. (2012) reported that deficiency of GLG1 in atherosclerosis mouse 

model (apoe-/-), increased atherosclerotic plaque stability. They observed that 

heterogenous deficiency of GLG1 in apoe knockout mice (apoe-/-/Glg1+/-) led to a 

reduction in liver macrophage content and increase in collagen deposition to the 

atherosclerotic lesions compared to the control (apoe-/-/Glg1+/+) group. 

The association of GLG1 with coronary artery disease was further verified 

due to its interaction with adiponectin (APN) on cell adhesion (Yamamoto et al., 

2016). APN is an adipocyte-derived hormone, which is expressed with high 

specificity in adipose tissue (Ukkola and Santaniemi, 2002). APN is involved in anti-
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atherogenic mechanisms and pleiotropic biological processes such as inflammation 

and vascular homeostasis (Luo et al., 2017). Also, a lower concentration of APN in 

patients suffering from coronary artery disease further confirmed its protective role 

in the development of atherosclerosis (Ukkola and Santaniemi, 2002). More recently, 

Yamamoto et al. (2016) indicated that the interaction of GLG1 with APN induces 

anti-atherogenic mechanisms by blocking GLG1/E-selectin binding. These data 

provide a strong rationale for targeting GLG1 pathways in lipid-lowering therapies 

and atherosclerosis research.  
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1.6 Hypothesis and objectives  

First Study Hypothesis: An endogenous PCSK9 interactor could 

regulate PCSK9 function in cholesterol metabolism: Through co-

immunoprecipitation, mass spectrometry, western blot assays, and confocal 

immunofluorescence microscopy in cells and animal models, a new PCSK9 

interacting protein will be discovered that could help to bring a new potential 

therapeutic approach to inhibit PCSK9 function and reduce circulating LDL.  

Objectives:  

- Investigate the role of this endogenous PCSK9 modulator on PCSK9 function and 

on other main PCSK9 binding partners. 

- Characterize its underlying mechanisms in cholesterol regulation. 

Second Study Hypothesis: Developing an atherosclerotic mouse model will 

advance our understanding of the PCSK9 effect on aortic lesions. The link 

between PCSK9 and regression of atherosclerotic plaques can be investigated, 

using genetically modified relevant mouse models, atherogenic diet, tetracycline-

inducible gene expression system, and PCSK9 GOF mutation.  

Objectives:  

- Identify the most suitable mouse model for studying PCSK9 role in atherosclerosis. 

- Investigate the effect of PCSK9 gene overexpression on atherosclerotic plaques 

development in mice fed a Western-type diet (WTD). 

- Study the effect of PCSK9 gene downregulation on atherosclerotic plaques 

in our selected atherosclerosis mice model. 
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helped in MTP activity experiment. SP, EC, JT, and GM advised on the study and 

provided laboratory support. GM supervised the study. 

2. Foreword 

PCSK9 binds the LDLR at the cell surface of hepatocytes induces its 

internalization and its degradation in lysosomes. However, these two proteins co-

exist within the secretory pathway without leading to complete LDLR degradation. 

This might be due to the presence of endogenous inhibitors of PCSK9-induced LDLR 

degradation. Therefore, studying PCSK9-interacting proteins that might modulate its 

function may lead to better insight into the function of PCSK9 and outcome of using 

PCSK9 inhibitors in the future.  

In the following article, we identified Golgi glycoprotein 1 (GLG1) as a new 

binding partner of PCSK9. We found that GLG1 also binds with apoB and LDLR. 

Binding of GLG1 to three proteins for which corresponding genetic defect cause FH 

prompted us to investigate its regulatory role on cholesterol. Our results 

demonstrated that GLG1 downregulation reduces MTP activity, secretion of apoB-

containing lipoproteins, and PCSK9. We further demonstrated that GLG1 deficiency 

leads to impairment of apoB trafficking to the lipid droplets, which thereby induces 

apoB-aggregation and its autophagic degradation. Thus, preventing the interaction 

of GLG1 with apoB might pave the way towards the development of a new treatment 

of hypercholesterolemia.   
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2.1 Abstract 

Proprotein convertase subtilisin kexin-like 9 (PCSK9) protein is involved in the 

regulation of low-density lipoprotein receptor (LDLR) and apolipoprotein B (apoB) 

levels, thereby, plays a major role in cholesterol metabolism. Some endogenous 

PCSK9 binding partners may exist that regulate circulatory cholesterol level. Mass 

spectrometry analyses of PCSK9-interacting proteins revealed that Golgi apparatus 

protein 1 (GLG1), is a novel PCSK9 interactor. Co-immunoprecipitation and confocal 

immunofluorescence microscopy confirmed that GLG1 interacts with PCSK9 and 

LDLR in Huh7 cells. Our results also demonstrated that GLG1 binds with apoB in 

cells and mouse liver. Therefore, we assessed whether GLG1 affects PCSK9 

function and is involved in the regulation of cholesterol metabolism. Knockdown of 

GLG1 decreased apoB, LDLR, PCSK9 and increased P62, a marker of aggresome 

formation, protein levels in Huh7 cells and mouse liver. Moreover, deficiency of 

GLG1 in Huh7 cells induced perinuclear aggregation of apoB, and reduced apoB 

secretion in media. Cyto-ID autophagy detection assay determined more autophagic 

vacuoles formation post Glg1 knockdown in Huh7 cells. Glg1-knockdown mice 

demonstrated reduced body weight and a substantial reduction in circulating 

cholesterol (VLDL-C and LDL-C), PCSK9 and triglycerides (TG) in mouse plasma 

compared to the control group. Electron microscopy analysis demonstrated 

abnormal morphological changes, including the presence of swollen endoplasmic 

reticulum (ER) and double-membraned autophagosome structure in mouse liver 

upon Glg1-knockdown. Western blot and confocal microscopy analysis revealed that 

autophagy inhibitors prevented reduction of apoB secretion upon knockdown of Glg1 



84 
 

and induced accumulation of aggregated apoB in the perinuclear region.  Our results 

demonstrate for the first time that GLG1 is involved in the regulation of cholesterol 

metabolism through the regulation of TG-rich lipoprotein secretion and expression 

of PCSK9, LDLR, and apoB. Taken together, our results show that GLG1 could 

represent a new target for hypercholesterolemia treatment. 

Keywords: PCSK9, LDLR, apoB, GLG1, autophagy. 

2.2 Introduction 

High plasma level of low-density lipoprotein (LDL) cholesterol (LDL-C) is a 

known risk factor for coronary heart disease (CHD) (Zhang et al., 2007), which 

accounts for nearly one-third of all deaths throughout the world (Roth et al., 2017).  

LDL receptor (LDLR) plays an essential role in the plasma clearance of LDL particles 

through the lysosomal degradation pathway (Twisk et al., 2000). Apolipoprotein B 

(apoB) is the main component of potentially atherogenic particles, including LDL, 

very-low-density lipoprotein (VLDL), and intermediate-density lipoprotein (IDL) 

particles. Therefore, increased concentration of apoB is a significant predictor of 

CHD (Sniderman et al., 2010).  

apoB is involved in 1) maintaining the overall integrity of the lipoprotein 

assembly, 2) facilitating the lipoprotein uptake by acting as a ligand for lipoprotein 

receptors and 3) modulating the activity of enzymes that act on lipoproteins. ApoB 

has two isoforms, apoB-100, synthesized in the liver, and apoB48, synthesized in 

the small intestine. ApoB-100 is the major protein of LDL and VLDL and is 

responsible for their formation and secretion. Apo48 plays the same role in 

chylomicrons. The newly synthesized apoB can be degraded by the proteasome 
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upon ubiquitination in lipid-poor conditions or the absence of microsomal triglyceride 

transfer protein activity (Zhou et al., 1998). Autophagy is the other possible 

mechanism that can induce apoB degradation in late-stage protein quality control 

(Ohsaki et al., 2006; Zhong et al., 2010). In the autophagy process, accumulated 

apoB in autophagosomes, membrane structures near cytosolic lipid droplets (Ohsaki 

et al., 2006), are delivered to lysosomes for their disposal (Glick et al., 2010). 

The LDLR and apoB are two main interacting partners of proprotein 

convertase subtilisin kexin-like 9 (PCSK9), a protein mostly expressed in the liver 

(Seidah et al., 2003). PCSK9 has different functions depending on its target proteins. 

PCSK9-LDLR binding induces LDLR degradation in lysosomes, thereby, increasing 

plasma LDL-cholesterol (LDL-C) level and risk of CHD (Zhang et al., 2007). PCSK9-

apoB binding increases secretion of apoB by inhibiting intracellular apoB 

degradation through the autophagosome/lysosome pathway (Sun et al., 2012), 

which increases the level of circulating apoB and LDL-C (Sniderman et al., 2010). 

The important function of PCSK9 on the cellular degradation of the LDLR and 

increased plasma level of LDL-C raised a high interest in the development of 

pharmacologically PCSK9 inhibitors that were reviewed recently (Hess et al., 2018). 

In addition, critical functions of LDLR in the clearance of plasma LDL-C, while 

circulatory PCSK9 induces LDLR degradation, suggest the presence of endogenous 

PCSK9-inhibitors that modulate the PCSK9 function to maintain the optimal blood 

lipid levels (Surdo et al., 2011). Our team pioneered the hypothesis that some 

endogenous PCSK9-interacting proteins might be involved in modulating the 

function of PCSK9. We have identified annexin A2 (Mayer et al., 2008; Seidah et al., 

2012), and GRP94 (Poirier et al., 2015) as endogenous PCSK9-binding proteins. 



86 
 

Annexin A2 is an extrahepatic inhibitor of PCSK9-enhanced LDLR degradation 

(Seidah et al., 2012), and GRP94 protects LDLR from early degradation by PCSK9 

within the ER (Poirier et al., 2015). PCSK9 undergoes an autocatalytic cleavage 

within the ER (Seidah et al., 2003), resulting in the formation of a heterodimer 

complex of mature PCSK9 bound to its prosegment, which exits and is secreted from 

the ER (Cunningham et al., 2007). So far, no other endogenous PCSK9 inhibitor has 

been identified at the cell surface or within the secretory pathway of hepatocytes. 

In the present study, we found that the Golgi apparatus protein 1 (GLG1) (Ahn 

et al., 2005), is a novel PCSK9 interactor protein. Haploinsufficiency of GLG1 

decreases atherosclerotic plaque macrophage content, whereas its complete 

absence leads to early embryonic lethality (Luo et al., 2012). GLG1 is a 

multifunctional protein, widely tissue-distributed, and induces pleiotropic effects 

depending on its subcellular localization and additional protein interactions. 

Therefore, we assessed whether GLG1 is involved in regulating the function of 

PCSK9 and its interacting partners, as well as cholesterol metabolism. 

2.3 Experimental procedures 

Antibodies 

The following antibodies were used for western blot,  immunocytochemistry 

(ICC) and immunohistochemistry (IHC) analysis: goat anti human or mouse LDLR 

(1:3000; catalog no. AF2148 or 1:1000; catalog no. A2255, R&D Systems), rabbit 

anti-human (amino acids 31-454) or mPCSK9 (1:3000; in-house or catalog no. 

AF3985, R&D system), goat anti-human apo-B100/48 (1:5000; catalog no. 20A-G1b, 
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Academy biomedical company), mouse monoclonal anti-apoB (1:3000; clone 2G11 

, Cat. No. MABS2046, EMD Millipore),  goat anti-mouse/human-Albumin (1:6000; 

catalog no. AF3329, R&D system), mouse anti-V5-tag (1:5000; catalog no. A01724-

100, GenScript), mouse anti-P62 (1:200; catalog no. Sc-28359, Santa Cruz) or rabbit 

anti-P62 (1:10,000; Cat no. EPR 4844, Abcam), rabbit anti-GLG1 (1:3000; catalog 

no. AP9839b, ABGENT), rabbit anti-LC3B (1:1000; catalog no. NB100-2220, 

NovusBio), mouse anti-ubiquitin (FK2, 1:3000, Catalog no. PW8810; Enzo), mouse 

monoclonal LPL (F-1, 1:200; catalog no. Sc-373759, Santa Cruz), rabbit anti-actin 

(1:5000; catalog no. A2066, Sigma-Aldrich), Rabbit anti-Pan-Cadherin (1:10000; 

catalog no. 717100, Life Technologies), Golgin-97 (1:1000; catalog no. A-21270, 

Invitrogen Corporation), rat anti-GRP94 (1:30,000; Cat.#ADI-SPA-850, Enzo Life 

Sciences), rabbit anti-GRP78 (1:2500; Cat. #ab21685, Abcam), Rabit anti-apoA1 

(1:1000; catalog no. ab20453, Abcam), Mouse monoclonal perilipin (G-2, Sc-

390169, 1:200; Santa Cruz), mouse monoclonal anti-Calnexin (AF18, 1:200; catalog 

no. sc23954, Santa Cruz), rabbit anti- ANGPTL3 (1:5000; catalog no. ab154009, 

Abcam), Horseradish peroxidase (HRP)-conjugated goat anti-human albumin 

(1:7000; catalog no. AL10H-G1a, Academy Bio-medical), rabbit anti-HA (1:5000, 

product no. H 6908, Sigma), rabbit anti-mouse MTP antibody (kind gift from Dr. 

Laurie Swift, Vanderbilt University Medical Center).  

Reagents 

3-Methyladenine (3-MA; catalog no. M9281), ammonium chloride (NH4Cl; 

Catalog no. 254134), Tyloxapol (catalog no. T0307), cycloheximide (CHX; catalog 

no. C7698) and  oleate (OA; Catalog no. O7501) were purchased from Sigma-
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Aldrich. Brefeldin A (BFA; Catalog no. 159027, 194802) was purchased from MP 

Biochemical. MG-132 (Catalog no. 474790) was obtained from EMD Millipore. ApoB 

detection kit (LSBIO, Catalog no. LS-F9541-1L), Mouse PCSK9 ELISA kit (Cyclex; 

Catalog no. Cy-8078), cyto-ID autophagy detection kit (ENZO,  Catalog no. ENZ-

51031-0050), Lipoprotein Lipase (LPL) Activity Assay Kit (Cell Biolabs, catalog no. 

STA-610),  T-cholesterol (Wako, catalog no. TP898) and Triglyceride 

(CEDARLANE, Lot# EBG6547) assay kits were used according to the manufacturer 

protocol. MTP activity was assessed using related vesicles that were a nice gift from 

Dr. Mahmood Hussain from NYU Winthrop Hospital. 

Cell Culture, cDNA/siRNA transfection, and Cell Treatments 

Hepatocellular carcinoma (Huh7 ) cells were cultured in Dulbecco's Modified 

Eagle's Medium (DMEM; catalog no. 319-005-CL, Wisent) containing 10% fetal 

bovine serum (FBS; catalog no. 080-350, Wisent) in a 5% CO2  atmosphere at 37 

°C. Cells were used for different experiments at about 70-90% confluency. 

Approximately 120,000 Huh7 cells with different passage number stocks were 

plated in 12-well culture plates. Huh7 cells were either transfected with plasmids 

using Lipofectamine 3000 (Cat. #L3000008, Life Technologies) or reverse 

transfected with small interfering RNAs (siRNA) using Lipofectamine RNAiMax 

reagent (Cat. #13778075, Life Technologies) according to the manufacturer’s 

instructions. siGLG1 (Cat No.M-010597-01-0005, Dpharmacon), siPCSK9 (Cat 

No.s48694, Life technologies)  or a negative control siRNA with no known targets 

(Cat No. D-001206-14, GE HealthCare Dharmacon) was used for reverse 

transfection in Huh7 cells.  
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To ascertain whether Glg1-knockdown could affect the half-life of GLG1, 

apoB, LDLR, and PCSK9 proteins, the protein translation inhibitor CHX was used. 

Huh7 cells, 72-hours post-reverse-transfection, were incubated with complete 

growth medium containing CHX (25 μg/mL) analyzed at 0, 3, 6, and 8 h. Protein 

samples were subjected to SDS/PAGE, and immunoblots were evaluated using 

corresponding antibodies. ImageJ software version 1.50b (National Institutes of 

Health, Bethesda, Maryland) was used for densitometry calculations on scanned 

immunoblots. 

To clarify the mechanisms underlying Glg1-knockdown-induced apoB 

degradation, different inhibitors including ammonium chloride (NH4Cl, 

endosome/lysosome neutralizing agent), MG-132 (proteasome inhibitor) and 3-MA 

(an autophagy inhibitor) were used. Also, brefeldin A (BFA) was used as an inhibitor 

of the trafficking vesicles from the endoplasmic reticulum to the Golgi apparatus. 

Huh7 cells, 48 h post-reverse transfection, were washed and incubated at 37°C with 

conditioned medium supplemented either with NH4Cl (10mM), MG132 (5 µM) or BFA 

(5 µg/ml) for 16 hours or with 3-MA (10 mM ) for 3 to 4 hours. 

To stimulate lipid synthesis, Huh7 cells were treated for 4 hours with oleate 

(OA; solubilized in anhydrous methanol, 1.5 mM). Cells were used 72 h after reverse 

transfection for protein/RNA extraction, or microscopy experiments. 

For a selection of stable derivatives of transduced cells, Huh7 Cells were 

seeded in 6-well culture dishes at 150,000–250,000 cells per well. Cells were then 

transfected with GFP-LC3 using Lipofectamine 3000 (Cat. #L3000008, Life 

Technologies) according to the manufacturer’s recommendations. Fluorescent cells 

were identified 48 h after transfection, confirming GFP activity, and next incubated 
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with DMEM containing 500 mg/ml Geneticin (G418, Life Technologies) at 37°C. 

Untransfected Huh7 cells were cultured under the same conditions as a negative 

control. Transfected cells were selected after 5-7 passages in the presence of the 

antibiotic G418. 

Expression Constructs 

Human V5-tagged PCSK9 and LDLR (C-terminal V5-tag) was PCR amplified 

and subcloned into the BgIII/AgeI-digested pIRES vector (Invitrogen). The construct 

pIRES-human PCSK9-V5 was used as a template to generate cDNAs coding human 

PCSK9 mutants (pIRES-PCSK9-S127R-V5). This construct lacks the prodomain of 

PCSK9. pIRES-CHRD-V5 and pIRES-prodomain-V5 and removal of the vector 

sequence encoding the fluorescent proteins were also performed by site-directed 

mutagenesis using partially overlapping primers. pIRES-PCSK9-CHRD-V5  mutant 

constructs were generated by PCR mutagenesis using the pIRES-PCSK9-V5 cDNA 

template. All constructs contained a V5 tag at the C terminus.  The siRNA against 

GLG1 and the control siRNA were purchased from Dharmacon (Lafayette, CO, USA) 

and the EGFP-tagged LC3 (plasmid No.11546) was purchased from Addgene Inc. 

(Cambridge, MA, USA). mGlg1  (GB NM_009149 nucleotides 2033-2054) was PCR 

amplified and subcloned into pcDNA3.0 vector. Human influenza hemagglutinin (HA) 

epitope tag (YPYDVPDYA) was introduced into  pcDNA3.0-mGLG1 vector after the 

signal peptide using overlapping PCR1 and PCR2 primer pairs. Amplicons of the 2 

PCR were gel purified, mixed and used as a template for third PCR. Final purified 

amplicons were digested and ligated to pcDNA3.0 mGlg1 at EcoRI/ SbfI-restriction 

sites. Mature antisenses mGlg1 (5’-GTATATCCTCGGACTCTAACT) and mLDLR 
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(5’-TATTAAGGGAGAATGGCGACT) targeting mGlg1 (GB NM_009149 nucleotides 

2033-2054) and mLDLR (GB NM_010700 nucleotides 3425-3445) were generated 

by PCR. The sequence of the control shRNA (Scramble) was taken from Addgene 

(plasmid 1864).  

 Single-stranded cDNA (sscDNA) of mGLG1 (5’-

TAACCCTCACTAAAGGGACTCAAGCTTTTCCAAAAAAAAGTTAGAGTCCGAGG

ATATACCTCTTGAGTATATCCTCGGACTCTAACTCGGGATCCATCGAGCCCTA

TAGTGAGTCGTATT), mLDLR (5’-

TAACCCTCACTAAAGGGACTCAAGCTTTTCCAAAAAAAGTCGCCATTCTCCCT

TAATACTCTTGATATTAAGGGAGAATGGCGACTCGGGATCCATCGAGCCCTAT

AGTGAGTCGTATTA) and Control (Scramble, 5’-

TAACCCTCACTAAAGGGACTCAAGCTTTTCCAAAAAACCTAAGGTTAAGTCGC

CCTCGCTCTTGACGAGGGCGACTTAACCTTAGGCGGGATCCATCGAGCCCTA

TAGTGAGTCGTATTA) containing different short hairpin RNA (shRNA)-flanked by 

HindIII/BamHI sites were purchased from Integrated DNA Technologies (IA, USA).  

Briefly, the recombinant adeno-associated virus serotype 8 (AAV8)–shRNA 

against mGLG1, mLDLR, and scramble were generated by PCR amplification of 

sscDNAs. Double-stranded amplicons were digested with the 2 restriction sites and 

loaded on 1% agarose gel. Digested-PCR products were gel-purified and ligated in 

pU6 ITR (kind donation from Dr. N. Bousette from Montreal Heart Institute), followed 

by transformation in Stbl3 bacteria. All used clones were confirmed by sequencing 

and purified by Maxiprep (Qiagen, Catalog No. D4202). All PCR primer pairs 

are described in Table 2.1.  
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Mass Spectrometry and Protein Identification 

To identify novel PCSK9 interactors, Huh-7 cells were transiently transfected 

without (empty vector; pIRES-V5) or with pIRES-hPCSK9- V5 using Lipofectamine 

2000 (Cat. #11668027; ThermoFisher Scientific). Forty-eight hours post-

transfection, cells were washed three times with phosphate-buffered saline (PBS) 

and incubated with 1 mM dithiobis[succinimidylpropionate] (DSP; Cat. #22585, 

ThermoFisher Scientific) and a thiol-cleavable cross-linking reagent for 30 min at 

room temperature. Cells were then incubated with a stop solution (15 min; 15 mM 

Tris/HCl, pH 7.5), and lysed in a complete radio-immune precipitation assay (RIPA) 

buffer (50 mM Tris/HCl, pH 8.0, 1% (v/v) Nonidet P40, 0.5% sodium deoxycholate, 

150 mM NaCl and 0.1% (v/v) sodium dodecyl sulfate (SDS)) supplemented with a 

complete protease inhibitor mixture, passed 25 times through a 22-gauge needle 

and centrifuged at 11,000 g for 15 min at 4°C. Supernatants were incubated and 

rotated overnight with mouse anti-V5- tag (mAb: V5, 1:500; Cat. #R960-25, 

ThermoFisher Scientific) and 50 µl protein A/G PLUS-agarose (Cat. #sc-2003, Santa 

Cruz), washed six times with RIPA buffer and resuspended in Laemmli sample 

buffer. Co-IP proteins were separated by SDS-PAGE and visualized using the Pierce 

silver stain kit (Cat. #24600, ThermoFisher Scientific). Following electrophoresis, 

selected bands were excised from the gel, cut into ~1-2 mm 3 pieces and proteins 

were eluted and identified by LC-MS/MS as described previously (Poirier et al., 

2015).  

Briefly, excised gel chips were extensively washed, destained and re-

hydrated at 4°C for 40 min in trypsin solution (6 ng/µl; Cat. #V5111, Promega, 25 
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mM ammonium bicarbonate). Protein digestion with trypsin was performed at 58°C 

for 1 h and stopped with 1% formic acid/2% acetonitrile (ACN) solution. Peptides 

were extracted from the gel and dried in a vacuum centrifuge. For LC-MS/MS 

analysis, peptides were dissolved in 1% formic acid/50% ACN and then loaded onto 

a C18 reversed-phase column mounted on a nanoLC-2D system (Eksigent) coupled 

to the LTQ Orbitrap (ThermoFisher Scientific). LC-MS/MS acquisitions were 

accomplished using a four-scan event cycle enabling high resolution/high mass 

accuracy. Proteins were identified from peptide sequences by searching the human 

NCBInr protein database with Mascot 2.1 (Matrix Science). 

Animals 

Wild-type C57BL/6 eight-weeks-old male mice were obtained from Charles 

River and maintained on a standard rodent diet in a 12 h light/12 h dark cycle for 

acclimatization. They were tail-vein injected with AAV-shRNA against mGLG1, 

mLDLR or scrambled virus (control) at 1× 1011 VG/ml. Two weeks post-virus 

injection, mice were anesthetized by inhalation of 2% isoflurane and oxygen flow of 

0.8 liters/minute in the induction chamber. Blood was collected by cardiac puncture 

using a 21-gauge needle mounted on a 1-mL syringe. Liver tissues were dissected, 

embedded in OCT medium or snap-frozen in liquid nitrogen and stored at −80 °C for 

further analyses. The Montreal Heart Institute Animal Care and the Ethical 

committee approved all animal experiments.  

Co-immunoprecipitation 
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For the co-immunoprecipitation assay, proteins were extracted either from 

transfected cells or homogenized mouse liver using Ripa lysis buffer (-SDS) 

containing protease inhibitors as explained below. Part of the supernatants was kept 

for input, and the remaining part was mixed overnight at 4°C with 40 μl of protein 

A/G agarose beads (catalog no. sc-2003, Santa Cruz Biotechnology, Inc.) and 1 μg 

of anti-GLG1 antibodies. After incubation, samples were centrifuged at 2500 rpm for 

5 min at 4°C, and the beads were washed by resuspension in cell lysis buffer three 

times and centrifugation. After the last wash, the immunoprecipitated proteins were 

eluted in 50 μl of Sample loading buffer and heated for 5 min before western blotting. 

Western Blotting 

Immunoblotting analysis was performed following standard procedures. Cells 

or piece of the mouse liver was homogenized with ice-cold Ripa buffer (50 mM 

Tris/HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v)  SDS,  1% (v/v) Nonidet P40, and 0.5% 

sodium deoxycholate) containing protease inhibitor mixture (Roche Applied 

Science). Samples were then centrifuged (12,000 g) for 30 min at 4 °C. Briefly, 30–

60 μg of protein were resolved on 5–8% SDS-PAGE and transferred onto a 

nitrocellulose membrane (Bio-Rad). Membranes were blocked with 5% nonfat milk, 

probed with primary and appropriate HRP-conjugated secondary antibodies 

(1:10,000; GE healthcare). Bands were detected using western Lightning Ultra 

chemiluminescence kit (catalog no. NEl112001EA, PerkinElmer Life Sciences), 

BioFlex EC Films (catalog no. CLEC810, InterScience) and were developed using 

enhanced chemiluminescence method (Pierce). Band intensity was quantified using 

ImageJ. 
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Immunocytochemistry (ICC), Immunohistochemistry (IHC) and Lipid droplet 

staining 

Huh-7 cells were grown on glass coverslips (MAtTek Corp) coated with 50 

µg/ml laminin (Sigma, MO, USA) to image the colocalization of either 

transfected or endogenous genes. To examine the colocalization of PCSK9 and 

GLG1, cells were transiently co-transfected with cDNA of pIRES-hPCSK9- V5 and 

GLG1 plasmids 24 h after cell seeding using Lipofectamine 3000 (Life Technologies) 

according to the manufacturer’s recommendations. For intracellular 

immunolabelings, cells either nontransfected or 48 hours post-transfection, fixed 

with 3.5% paraformaldehyde in PBS for 5 min at room temperature and 

permeabilized with 0.1% Triton-X 100/PBS for 15 min. Cell surface LDLR labeling 

was carried out under non-permeabilizing conditions.  Afterward, the cells were 

incubated with 150 mM glycine for 5 min to neutralize the aldehydes and then 

incubated with blocking buffer containing 1% BSA (Fraction V; Cat. #BP1605, 

Sigma) in PBS at room temperature for 1 hour. The cells were then incubated with 

the indicated primary antibody diluted in blocking buffer; anti-GLG1 (1:200), anti-

hPCSK9 (1:200), anti-hLDLR (1:500), anti-hapoB (1:200) or Golgin-97 (1:200) 

overnight at 4 °C. For LDLR staining of mouse liver, a piece of the tissue was cold-

embedded in OCT medium and frozen at -20 °C. Cryosections (10 µm) were fixed 

in methanol/acetone (1:1) for 5 min, washed with PBS, blocked and then incubated 

with goat anti-mouse LDLR (1:200) as explained above. Following 4 washes, either 

cells or mouse liver cryosections were subsequently incubated with 1:500 dilution of 

corresponding species-specific secondary antibodies conjugated to Alexa Fluor 488, 
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555 or 647 (Invitrogen) for 1 h. After which they were washed with PBS, 

counterstained with DAPI (4=,6-di-amidino-2-phenylindole) and mounted with 90% 

glycerol supplemented with 5% diazabicyclo[2.2.2]octane (DABCO, Sigma). 

For neutral lipids staining, Huh7 cells (48-hours post reverse transfection) and 

mouse liver cryosections (10-µm-thick sections from OCT-embedded tissue 

samples) were fixed in 4% paraformaldehyde for 5 min and then were incubated with 

1 µM Bodipy-conjugated palmitate (BODIPY 493/503, Life Technologies) for 30 min 

at room temperature. After washing, cells or cryosections were mounted in 

Vectashield (Vector Laboratories). Olympus Fluoview FV10i confocal microscope 

was used to image the cells. Colocalization analysis and quantification of the number 

and size of the LDs were performed with ImageJ program from 10-15 randomly 

captured images. Each result presented is the mean ± SD.  

Electron Microscopy (EM) 

Samples of mouse liver tissue were fixed in 4% paraformaldehyde (freshly 

made from paraformaldehyde) for 15 min and stored in Ringer solution at 4 °C for 

overnight. Samples were embedded in Lowicryl K4M, as previously described 

(Bendayan, 1995).  Lowicryl K4M was a kind gift from Dr. Moïse Bendayan from the 

Department of Pathology and Cell Biology at the Université de Montréal. Ultrathin 

sections of Lowicryl K4M-embedded tissues were examined using a Philips CM120 

electron microscope equipped with a digital camera.  

Measurement of plasma lipids 
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Blood samples were collected into EDTA-tubes, and plasma was separated 

by centrifugation at 2000g for 15 min and stored at -80°C. Total cholesterol was 

measured using an assay kit (Wako Pure Chemical Industries, Osaka, Japan) 

according to the manufacturer’s protocol.  The total plasma lipoprotein classes were 

fractionated by gel filtration chromatography using a superose 6 column, run at a 

flow rate of 0.5 ml/min. Pooled plasma from each group (100 µl) was subjected to 

fast performance liquid chromatography (FPLC) for lipoprotein analysis, and 45 

fractions (300 µl each) were collected. Total cholesterol content was measured in 

each fraction (100 µl from each fraction) using the enzymatic assays by fluorimetry. 

To determine the distribution of apoB within the lipoprotein fractions, equal 

aliquots (200 µl) of each three consecutive FPLC fractions were pooled and 

delipidated with 10 ml of ethanol/ether (1:1). Centrifugation of the delipidated 

apolipoproteins at 1000g for 15 min resulted in forming precipitated apolipoproteins 

which were dissolved with nonreducing protein loading buffer and subjected to 5% 

SDS-gel electrophoresis. Mouse monoclonal anti-apoB (1:3000; clone 2G11) was 

probed by Western blotting to measure apoB secretion in different lipoproteins. 

Measurement of triglycerides in the liver 

Snap-frozen liver pieces (100 mg) were washed with cold PBS and 

homogenized in 500 µl of 5% (W/V) NP-40 in water, heated to 90 °C in the water 

bath for 2-5 min until NP-40 appeared cloudy, and cooled down to room temperature. 

Heating and cooling steps were repeated one more time to solubilize all triglycerides, 

and then samples were centrifuged at 14000 g for 2 min to remove insoluble 

material. Total triglyceride concentrations were measured using a 
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colorimetric/fluorometric assay kit (Abcam, San Francisco, CA) according to the 

manufacturer's protocol. 

VLDL secretion 

C57BL/6 mice (8-weeks old) were infected with recombinant adeno 

associated virus expressing shRNA against mouse GLG1 and control virus (three 

mice per group). Two weeks after virus injection, mice were fasted for 6 hours and 

injected from a tail vein with 500 mg/kg body weight of TRITON WR 1339 (Tyloxapol, 

Sigma-Aldrich) diluted in 200 µl of sterile saline to block lipoprotein lipase (LPL) 

activity. Blood samples were collected before injection, and then after 40, 80, 120 

and 240 min post-injection in EDTA-coated tubes from the facial vein. TG content in 

blood samples was measured using an assay kit (Abcam, San Francisco, CA).  

MTP activity 

MTP activity was measured by a rapid and sensitive fluorescent assay in 

mouse liver as described previously (Athar et al., 2004; Rava et al., 2005) with slight 

modifications. Small pieces (0.1 g) of liver were homogenized in 500 μL low-salt 

buffer K (1 mM Tris-HCl (pH 7.6), 1.0 mM EGTA, 1.0 mM MgCl2) containing protease 

inhibitor mixture (Roche Applied Science). Homogenized samples were then 

centrifuged (12,000 g) for 30 min at 4 °C, and protein concentrations were 

determined in supernatants using Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). 

MTP assay was performed in triplicate in black plates (Optiplate-96, F, New, 50B, 

Perkin-Elmer Instruments) using 5 μL of vesicles containing quenched fluorescent 

lipids (Chylos Inc., NY) and 20-40 μg of the protein samples. The MTP-mediated 
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transfer is quantified by measuring the increase in fluorescence intensity as 

determines the removal of the neutral lipids from the quenched donor vesicles. 

Plates were incubated at room temperature and read at 5, 15, 30 and 45 minutes 

post-addition of vesicles in a fluorescence plate reader (Fusion B, Packard 

Bioscience Company) using excitation and emission wavelengths of 460-470 and 

530-550 nm, respectively. Blank values were determined by adding 90 μL water and 

5 μL homogenization buffer to 5 μL of vesicles. To determine the total fluorescence 

of donor vesicles, we added 95 μL isopropanol to 5 μL vesicles. Then, following 

equation was used to calculate MTP activity (percentage transfer), (fluorescence 

units=FU):  

%Transfer= (SampleFU−BlankFU )/(TotalFU−BlankFU)×100. 

Analysis of autophagy by flow cytometry 

Flow cytometric analysis of Cyto-ID Autophagy Detection Kit (Enzo Life 

Sciences) was used to monitor stained cells according to the manufacturer's 

protocol. In brief, cells were harvested 72 hours post-reverse transfection and 

washed with PBS, stained with Cyto-ID diluted in the serum-free culture medium for 

30 min at 37°C. Then cells were washed and resuspended with 1× Assay Buffer. 

Data were acquired immediately by cell quantification on a FACSCanto (Becton 

Dickinson) flow cytometer. 

LPL activity 

Lipoprotein Lipase (LPL) activity was assayed by a Fluorometric kit (Cat No 

STA-610, Cell Biolabs INC, USA) in pre- and post-heparin plasma. Blood was 
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collected before and 10 min after tail vein injection of heparin (0.1 U/g body weight) 

and then centrifuged at 1000 x g at 4°C for 10 minutes to collect plasma supernatant. 

Diluted plasma in 1X LPL Assay Buffer (1:100) was used for assaying following the 

manufacturer's protocol. 

RNA extraction and RT-PCR 

Total RNA was isolated from cultured human hepatocytes (Huh7) and mouse 

liver using Trizol reagent (Cat. #15596026, Invitrogen) according to the 

manufacturer’s recommendations and resolved in sterilized RNase-free water. 

NanoDrop spectrophotometer (Thermo Scientific Inc., Waltham, MA) was used to 

determine the RNA concentration, and the purified RNA was stored at -80 °C. The 

integrity of the RNA samples was confirmed by agarose gel electrophoresis. One µg 

of total RNA was used for cDNA synthesis using the iScript cDNA synthesis kit (cat. 

# 170-8891, BioRad) for PCR with reverse transcription. 

Quantitative PCR 

Real-time PCR was performed using the PerfeCTa SYBR Green SuperMix, 

UNG, Low ROX (Cat. #95070-100, Quanta Biosciences) and with the MX3000p real-

time thermal cycler (Agilent). Dissociation curves and agarose gel electrophoresis 

were performed for each gene of interest to confirm the specificity of PCR products. 

The levels of expression of individual genes were determined from PCR duplicates 

and normalized to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or the 

TATA box binding protein (TBP). The values show the fold change of expression of 
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each gene relative to the value of the control sample. Oligonucleotide sequences 

are listed in Table 1. 

AAV vector production 

Human embryonic kidney 293T (HEK293T) cells were cultivated in complete 

DMEM without sodium pyruvate (catalog no. 319-015-CL, Wisent) containing 10% 

fetal bovine serum (FBS; catalog no. 080-350, Wisent). HEK293T cells were plated 

into 16 X100-mm culture plates (5.0x106 cells)  to reach 70–80% confluence on the 

day of transfection for virus production. Co-transfection of the cells with a mixture of 

plasmids and linear polyethylenimine (PEI) MW 25,000 (PEI; 46 µl/plate, Cat 

No.23966, Polysciences) produced AAV serotype 8 vectors.  The plasmids mixture 

contained packaging plasmid PDG8 (8.6 µg/plate) (Grimm and Kleinschmidt, 1999) 

and constructed plasmid (2.9 µg/plate). Three days after transfection, cells were 

harvested and pelleted by centrifugation (1140 g for 10 min at room temperature). 

The cells were resuspended in 4.5 ml of lysis buffer (50 mM Tris, 150 mM NaCl, pH 

8.5) and the virus was released from the cells by three rounds of freeze and thaw in 

Ethanol/dry ice bath for 5 min and 37°C water bath for 2 min respectively. Per ml of 

Crude lysates were treated with 250 units of Benzonase nuclease (Sigma, E1014-

5KU) and 1mM MgCl2, mixed and incubated for 45 min at 37 ͦC. After pelleting the 

cell debris for 20 min at 6000 g, the supernatant was used for further purification.  

An iodixanol step density gradient was prepared as described previously 

(Zolotukhin et al., 1999) with slight modifications: Briefly, 60% iodixanol (OptiPrep; 

Sigma D1556) was diluted to 40, and 25% in 5X PBS-MK (5X PBS, 5 mM MgCl2,12.5 

mM KCl). To facilitate distinguishing the phase boundaries within the gradients, 2.5 
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µl of 0.5% phenol red (Bioshop PHE600.5/5g) was added per milliliter to the of 25 

and 60% iodixanol. One milliliter of 60, 40, and 25 % iodixanol solutions was 

successively underlaid in a 5-ml Beckman ultracentrifuge tube (catalog No# 

326819), and 1.5 to 2 ml of the processed cell lysate was gently overlaid onto the 

gradients and centrifuged in a 55Ti rotor for 3 hr at 33,000 rpm at 4 ͦC. After 

centrifugation, the tubes were punctured between the 60 and 40% interphase 

(bottom and middle layers), using an 18-gauge needle, to collect ~1-ml/tube of the 

fraction containing the virus. A pool of collected iodixanol containing virus was diluted 

with PBS-0.001% Tween to reach a total volume of 15ml and concentrated to ~1ml 

by passage through Amicon Ultra-15 centrifugal filter unit (MWCO, 100 kDa; Merck 

Millipore). The concentrator was filled up to 10 ml and concentrated the virus again 

to 1 ml. This step was repeated two more times. Viral titers in terms of viral genomes 

(VG)/ml were determined by Real-Time qPCR with four different dilutions of the virus 

relative to standards using following primer pair: BGH-F; 5=TGCCTTCCTTGACCCT 

and BGH-R; 5=CCTTGCTGTCCTGCCC. Finally, viral batches were aliquoted and 

stored at -80 ͦC. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism Version 5 (Prism 

Software Inc., La Jolla, CA, USA). Unpaired two-tail Student’s t-test was measured 

to determine P-value. Statistically, the significance of the difference between groups 

was set at P < 0.05 and indicated by *. Distribution of the continuous variables 

between groups of each experiment was expressed as mean ± SD and represented 

the result of at least three independent experiments. N indicates the number of 
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replicates in each group of the experiment. Protein bands from SDS-PAGE were 

quantified and normalized using ImageJ version 1.50b software (NIH). 

 

Table 2.1. Oligonucleotides used for plasmid constructions and quantitative PCR 

Name Forward (5’->3’) Reverse (5’->3’) 

Constructs 

pcDNA3.0-mGlg1-HA  

PCR1:TAGAATTCATGGCGGTGTG
TGGACGTGTACGG 

PCR2:ACGTCCCAGACTACGCGCA
GAATGGTCACGGTCAGG 

PCR3:TTAGAATTCATGGCGGTGT
GTGGACGTGTACGG 

PCR1:GGGACGTCGTATGGGTAGGCCCC
TGCTGCCGCGAG 

PCR2:TGATTGCAGTCTGAAGAAATCTC 

PCR3:TGATTGCAGTCTGAAGAAATCTC 

 

pcDNA3.0-mGlg1- HAΔ1169 GCCTTGGACATTAAACACCACT 
GTCTGTACACTATCTCTTGGTGATCCGTC
CACACAT 

 

pcDNA3.1 mGlg1-HA+24aa 
(Cterm, hGlg1) 

 

PCR1:CAGCATGTGCCTTGGACAT
T 

PCR2:AGGACAGGCTACAATACAG
GTCA 

PCR3:CAGCATGTGCCTTGGACAT
T 

PCR1:GACCTGTATTGTAGCCTGTCCTTC
AGCTCTCGTG 

PCR2:TTATGTACAAAGTTTGTCTGGAGTG
TGCAGAA 

PCR3:TTATGTACAAAGTTTGTCTGGAGTG
TGCAGAA 

 

pcDNA3.1-mGlg1-HA-GPI 

 

PCR1:CAGCATGTGCCTTGGACAT
T 

PCR2:GTGATGACATCTCCCTCAA
AGAACPCR3: 
CAGCATGTGCCTTGGACATT 

PCR1:GTTCTTTGAGGGAGATGTCATCAC
T 

PCR2:CGGTGTACATTAAAGAACATTCATA 

PCR3:CGGTGTACATTAAAGAACATTCATA 

 

ShmGLG1, ShmLDLR, 
ShScramble 

 TAACCCTCACTAAAGGGACTC     TAATACGACTCACTATAGGGCTC 

 

Quantitative PCR 

hHMGCR (NM_000859)  GTCACATGATTCACAACAGG GTCCTTTAGAACCCAATGC 

hLDLR (NM_000527)  AGGAGACGTGCTTGTCTGTC CTGAGCCGTTGTCGCAGT 

hTBP(NM_001172085)  CGAATATAATCCCAAGCGGTTT GTGGTTCGTGGCTCTCTTATCC 

mHmgcr (NM_008255)  GTACGGAGAAAGCACTGCTGAA TGACTGCCAGAATCTGCATGTC 

mLldlr (NM_010700)  GTATGAGGTTCCTGTCCATC CCTCTGTGGTCTTCTGGTAG 

hapoB100(NM_00038.2) TGCCTGAGCAGACCATTGAG TGTGTGTTCCCAAAACATTTAGTT 

hBeclin (XM_017025264) CCAGATGCGTTATGCCCAGA TCCATTCCACGGGAACACTG 

mLC3B(NM_026160.4) AGTCAGATCGTCTGGCTCGG AGCCGGACATCTTCCACTCT 

hLC3B((NM022818.4) AACGGGCTGTGTGAGAAAAC AGTGAGGACTTTGGGTGTGG 

hATG7(NM_001349236.1) TCCTGGGCTCATCGCTTTTT AGTCCTGGACGACTCACAGT 

mBeclin(XM_006533784.3) AGCTGGAGTTGGATGACGAA ATTGTGCCAAACTGTCCGCT 

mATG7(XM_006506710.3) AACGAGTACCGCCTGGACGA GCGTGGAGGCACTCATGTCA 

mP62(NM_001290769.1) GCTCCACCAGAAGATCCCAAT GTGTCAGGCGGCTTCTCTTC 

mMTTP(NM_008642.2) CTCTTGGCAGTGCTTTTTCT GAGCTTGTATAGCCGCTCT 
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2.4 Results 

Identification of GLG1 as an endogenous PCSK9, LDLR, and apoB-binding 

protein 

To identify PCSK9-interacting proteins, PCSK9 was immunoprecipitated (IP) 

under overexpressed conditions from human hepatic Huh-7 cells. Co-interacting 

proteins were resolved by SDS-PAGE and visualized by silver staining. Mass 

spectrometry of excised gel bands identified a 150-kD band, the most enriched 

migrating protein complex with PCSK9, as human GLG1 (Figure 2.1A). Also, 

immunoblotting confirmed that endogenous GLG1 was co-immunoprecipitated 

explicitly with PCSK9-V5, a truncated PCSK9 lacking the C-terminal domain 

(PCSK9-L455X-V5) and LDLR-V5 under overexpressed conditions (Figure 2.1B). 

The intracellular interaction of the PCSK9 and apoB (Sun et al., 2012), prompted us 

to test whether GLG1 could physically interact with apoB. Co-immunoprecipitation 

experiments showed that apoB was explicitly pulled down with GLG1 in mouse liver 

(Figure 2.1C) and Huh7 cells (Figure 2.1D). Co-immunoprecipitation of apoB with 

GLG1, in either the absence or presence of PCSK9, indicates that GLG1 interaction 

with apoB is PCSK9-independent (Figure 2.1D).  

mGLG1 (NM_009149) TCGGGATTGGAAGTTGGACC CCTCTGGACTTCAGCTCGAC 

mPCSK9 (NM_153565) TGCAAAATCAAGGAGCATGGG CAGGGAGCACATTGCATCC 

hGLG1 (NM-001145666.1) TTCTCGTCTTTGCCACACC ATCCTTTGGACTTCAGCTCG 

hMTTP(NC_018915.2) ATACCTGCAGCCTGACAACC AGGTCTGAGCAGAGGTGACA 

mAlbumin (NM_009654) GCTGAGACCTTCACCTTCCA CTTGTGCTTCACCAGCTCAG 

mapoB(NM_009693.2) CTACTTCCACCCACAGTCCC TAGCCTTAGAAGCCTTGGGC 
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As a first approach to gain insight into the GLG1-localization in the medial 

cisternae of the Golgi apparatus (Gonatas et al., 1989), Huh7 cells were double-

immunolabeled with an antibody against GLG1 and a Golgi marker, Golgin-97, 

following GLG1-overexpression. Our confocal microscopy analysis demonstrated 

the co-localization of GLG1 (red) and Golgin-97 (Green) in the juxta-nuclear region 

of Huh7 cells (Supp. Figure 2.1A). In agreement with co-IP experiments, the 

colocalization pattern of endogenous GLG1 with overexpressed PCSK9-V5 was 

found in the Golgi apparatus (Figure 2.1E). The GLG1 co-localization with either 

apoB (Figure 2.1A F) or LDLR (Figure 2.1G) in physiological conditions of Huh7 cells 

was visualized by confocal microscopy and analyzed quantitatively (Figure 2.1H).  

Knockdown of GLG1 reduced apoB, PCSK9 and LDLR protein stabilization in 

Huh7 cells and resulted in lower protein expression in mouse liver and human 

hepatic cell lines 

Transfection of Huh7 cells with a specific small interfering RNA (siRNA) or 

intravenous injection of mice with the AAV8-expressing short hairpin RNA against 

GLG1 resulted in a significant decrease of RNA level of GLG1 in cells (Supp. Figure 

2.1B) and mouse liver (Supp. Figure 2.1C). We observed a significant reduction in 

mRNA expression of LDLR (~51%) in Huh7 cells (Supp. Figure 2.1B), mRNA level 

of LDLR (~47%) and apoB (~57%) in mouse liver (Supp. Figure 2.1C) upon Glg1-

knockdown compared to the control group. In addition, downregulation of GLG1 

resulted in 35% less mRNA expression of HMGCR in mouse liver (Supp. Figure 

2.1C). Moreover, GLG1-deficient mice gained 11.64% less weight than the control 

group over 2 weeks of virus injection (Supp. Figure 2.1D). Knockdown of GLG1 in 
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Huh7 cells using siRNA reduced the half-life of apoB (Figure 2.2A), and PCSK9 

(Figure 2.2B) by ~37%. Similarly, there was a statistically significant (p<0.05) 

decrease in protein half-life of LDLR in cells with Glg1 knockdown compared to the 

control cells (Figure 2.2C). Next, we investigated whether the protein expression of 

apoB, LDLR, and PCSK9 were altered by knockdown of endogenous GLG1 in either 

Huh7 cells or mouse liver. Western blotting results demonstrated that Glg1-

knockdown in Huh7 cells (Figure 2.2D) and mouse liver (Figure 2.2E) caused a 

robust decrease in apoB, LDLR, and PCSK9 protein levels. Also, Glg1 knockdown 

in Huh7 cells decreased the secretion of apoB in the media by about 37% (Figure 

2.2D). However, knockdown of Glg1 in mouse liver increased apoB accumulation in 

plasma by about 46% (Figure 2.2E) and reduced the amount of secreted PCSK9 

protein by ~58% compared to the control (scramble) group (Figure 2.2F). The 

postoperative confocal analysis confirmed that Glg1 knockdown reduced cell surface 

expression of LDLR in Huh7 cells (Figure 2.2G) and mouse liver (Figure 2.2H). 

Lower apoB secretion in Glg1-knockdown cells suggested that GLG1 might be 

involved in the regulation of cholesterol and apoB-lipoprotein secretion. 

Glg1 knockdown altered plasma apoB-containing lipoproteins, HDL-

cholesterol, and triglycerides regulation. 

Our observations of the effect of mouse hepatic Glg1-knockdown on the 

protein level of apoB, LDLR, and PCSK9 prompted us to test whether GLG1-

deficiency could change total cholesterol level and apoB distribution within plasma 

lipoproteins. Plasma total cholesterol (Figure 2.3A), including LDL- and HDL-

cholesterol (Figure 2.3B) were sharply reduced by downregulation of GLG1 in mouse 
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liver compared to the control (scramble) group. We further analyzed the distribution 

of apoB48 and -100 among fractionated lipoproteins. The pattern of apoB48 and -

100 distribution in the lipoprotein fractions were different between the two groups of 

mice. In the control (scramble) group, the plasma level of apoB48 was higher than 

apoB-100 in VLDL particles, as previously described (Plump et al., 1992). However, 

these apolipoproteins were no longer visible in VLDL fractions by knockdown of 

Glg1. 

The abundant amounts of apoB that appeared in the HDL fraction upon Glg1-

knockdown might be related to the accumulation of aggregated-apoB in mouse 

plasma (Figure 2.3B; bottom). Accumulation of apoB in plasma of Glg1 knockdown 

mice was also supported by an apoB ELISA kit (Figure 2.3C). Also, a sharp reduction 

of HDL-cholesterol by Glg1 knockdown suggested us to test the effect of GLG1 

downregulation on apolipoprotein A1 (apoA1), a major protein component of HDL. 

Western blotting (Figure 2.3D, left panel) and quantification (Figure 2.3D, right panel) 

analysis indicated that protein level of apoA1 was highly suppressed (4.24-fold) in 

mouse liver samples following knockdown of Glg1.  

In addition, a substantial reduction of plasma total cholesterol level upon Glg1 

knockdown suggested a possible GLG1 role in VLDL synthesis and secretion. In a 

time-course experiment, the rate of hepatic lipid export (VLDL secretion) was 

measured after injecting the mice with tyloxapol, an inhibitor of lipoprotein lipase 

(LPL) activity, to inhibit VLDL catabolism. Plasma triglyceride measurements 

demonstrated lower VLDL secretion over time in mice with Glg1 knockdown 

compared to the control virus-treated mice (Figure 2.3E). We next examined whether 

hepatic triglyceride content could be influenced by lower plasma triglyceride content 
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induced by Glg1-knockdown. Our analysis demonstrated ~2-fold increase in the liver 

triglyceride storage by knockdown of the GLG1 compared to the control group 

(Figure 2.3F). The hepatic assembly and secretion of VLDL require microsomal 

triglyceride transfer protein (MTP) (Bakillah et al., 2000). Thus, we assessed MTP 

activity and expression by knockdown of Glg1.  

Our mouse liver analysis demonstrated a significant reduction in MTP activity 

(Figure 2.3G) upon Glg1-knockdown. Moreover, the mRNA level of MTP was 

reduced by 38% without reaching statistical significance (Supp. Figure 2.2A). No 

significant difference was observed in the protein level of MTP upon Glg1 knockdown 

(Supp. Figure 2.2B). In addition, mRNA (Supp. Figure 2.2C) and protein (Supp. 

Figure 2.2D) level of MTP did not change significantly after GLG1 downregulation in 

Huh7 cells. 

Another potential factor that may influence lipoprotein secretion by Glg1 

knockdown is Angiopoietin-like3 (ANGPTL3). Angptl3, a hepatic secretory factor, 

suppresses lipoprotein lipase (LPL) activity and increases VLDL secretion by 

decreasing hydrolysis of triglycerides and phospholipids,(Koishi et al., 2002; Shan 

et al., 2009; Shimizugawa et al., 2002). Moreover, ANGPTL3 plays an essential role 

in the regulation of plasma HDL cholesterol via a heparin-dependent mechanism 

acting as an endothelial lipase (EL) inhibitor (Shimamura et al., 2007). Therefore, we 

tested a hypothesis that deficiency of GLG1 might decrease ANGPTL3 secretion 

thereby increasing LPL and EL activity. In addition, ANGPTL3 may explain the 

decrease in plasma level of TG-rich lipoproteins and HDL cholesterol-induced upon 

the Glg1 knockdown. Contrary to our hypotheses, a small increase in the protein 

level of both endogenous (Supp. Figure 2.2E) and overexpressed (Supp. Figure 
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2.2F) ANGPTL3 was observed in cell lysates and conditioned medium of Glg1-

knockdown cells compared to the control group. However, the difference was not 

statistically significant (Supp. Figure 2.2F; right panel).  

We also analyzed the LPL- activity in mouse plasma samples before and after 

heparin injection. Our results demonstrated that LPL activity did not change in pre-

heparin plasma and slightly decreased in post-heparin plasma of the mice injected 

with shGLG1 (Supp. Figure 2.2G). Also, no difference was observed in the protein 

level of LPL in mouse liver of the same animal groups (Supp. Figure 2.2H).  

Knockdown of GLG1 increased lipid droplets in Huh7 cells and changed the 

morphology of the endoplasmic reticulum in mouse liver 

Accumulation of triglycerides in the liver by Glg1-knockdown, suggests a 

potential role for GLG1 in the regulation of hepatic lipid content. Neutral lipid staining 

of Huh7 cells indicated a remarkable increase in the intensity of the lipid droplets by 

knockdown of Glg1 over the control group (Figure 2.4A). Quantitative analyses of 

the confocal microscopy images showed a significant increase by 1.7-fold in the 

number of lipid storage droplets per cell (Figure 2.4B) and no change in droplet sizes 

(Figure 2.4C) upon Glg1 knockdown compared to the control group. Immunoblotting 

of protein samples (Figure 2.4D) and postoperative confocal analysis (Figure 2.4E) 

from mouse liver,  further confirmed our observations by detecting a ∼4-fold increase 

in the amount of perilipin,  lipid droplet coat protein, and high bodipy staining by Glg1-

knockdown. In line with these results, electron microscopy analysis revealed 

abnormal morphological changes including the presence of large vesicles containing 

lipid droplets (Figure 2.4F) and dilated or distorted (swollen) endoplasmic reticulum 
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(ER) (Figure 2.4G) in liver of the AAV8/shGLG1-treated mice compared to the 

regular liver of the control (scramble) group. ER is the primary site of protein folding 

and assembly. Ultrastructural abnormalities of the ER might represent ER-stress, 

which in turn leads to the Unfolded Protein Response (UPR) to restore normal ER 

function (Ron and Walter, 2007). IB and quantification (right panel) results indicated 

no changes in the protein level of Glucose-regulated protein 78/BiP (GRP78) and 

Grp94 (the ER Hsp90 paralog), early respondent of ER stress signal transduction 

(Tabas and Ron, 2011), by knockdown of Glg1 in mouse liver (Figure 2.4H).  

Glg1-knockdown induced autophagosome/aggresome formation and apoB-

100 degradation in a pre-Golgi compartment 

It is well established that the export of the proteins from the ER depends on 

proper protein folding (Hurtley and Helenius, 1989). A vesicle trafficking inhibitor 

brefeldin A (BFA) (Fujiwara et al., 1988) was used to examine whether Glg1-

knockdown induced apoB-degradation requires the transport of apoB out of the ER. 

WB analysis demonstrated a similar intracellular accumulation of apoB, GLG1, and 

PCSK9 in Huh7 cells treated with BFA, While it did not affect Glg1 knockdown 

induced lower apoB or PCSK9 protein levels (Figure 2.5A). The lack of BFA effect 

on preventing lower apoB expression upon Glg1-knockdown, suggests that GLG1 is 

required for the transit of apoB from the ER to the secretory pathway and its 

knockdown induces apoB-degradation by excluding apoB from existing transport 

vesicles. Thus, Glg1-knockdown may cause improper folding of apoB, its 

aggregation, and translocation to the autophagosome/aggresome compartment for 

degradation. Therefore, we investigated the effect of Glg1-knockdown on RNA and 
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protein level of P62 (SQSTM1/sequestosome), a standard component of protein 

aggregates (Ravikumar et al., 2002; Ravikumar et al., 2004; Zatloukal et al., 2002).  

The protein level of P62 was remarkably increased in the liver of the mice 

(Figure 2.5B) and Huh7 cells (Figure 2.5C) after GLG1 downregulation. In addition, 

the confocal microscopic analysis further supported our result by showing enhanced 

protein expression of P62 in GLG1 deficient Huh7 cells (Figure 2.5D). Upon 

completion of folding, ER constitutes a major source/scaffold of the autophagic 

isolation membrane (Hayashi-Nishino et al., 2009). Autophagic destruction is late-

stage quality control, activated when newly synthesized apoB escapes other ER-

degradation systems (Pan et al., 2008). Autophagic degradation is highly active for 

apoB-degradation in primary hepatocytes (Qiu et al., 2011). The fact that apoB can 

be degraded through autophagosome/lysosome degradation pathway (Ohsaki et al., 

2006), and the effect of GLG1 downregulation on increased level of P62 (Figure 

2.5B-D), and reduced level of apoB secretion (Figure. 2.1A), suggest a potential role 

of GLG1-deficiency in the apoB autophagy-lysosomal degradation pathway.  

The most common method used to show increased autophagy is the 

detection of LC3-II by immunofluorescence or immunoblotting (Klionsky et al., 2008). 

Thus, we established Huh7 cells stably expressing GFP-LC3 to monitor the 

formation of autophagic vesicles in the presence or deficiency of GLG1. We 

observed that GFP-LC3-positive dots tend to be incorporated into perinuclear 

structures, hallmark features of aggresomes, upon Glg1 knockdown (Figure 2.5E). 

In principle, GFP-LC3-positive protein aggregates are degraded by autophagy 

(Szeto et al., 2006). We next sought to investigate the effect of Glg1 knockdown on 

autophagy flux using LC3B immunoblotting assay. Unpredictably, the level of 
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endogenous LC3B was slightly reduced by downregulation of GLG1 in either cells 

(Supp. Figure 2.3A) or mouse liver (Supp. Figure 2.3B). However, since autophagy 

degrades LC3, immunoblotting assay might not be a suitable method to distinguish 

activated autophagy from impaired autophagy flux (Guo et al., 2015; Mizushima and 

Yoshimori, 2007). Then we compared protein level of LC3-II in the presence and 

absence of lysosomal inhibitor (NH4Cl) to measure the quantity of delivered LC3-II 

into lysosomes with/without GLG1. Our results demonstrated an increase in protein 

level of LC3-II in GLG1-deficient Huh7 cells in the presence of NH4Cl (Supp. Figure 

2.3C).  

We also used electron microscopy analysis and Cyto-ID assay with a cationic 

amphilic fluorescent tracer dye (Chan et al., 2012) to better clarify the effect of Glg1 

knockdown on autophagy flux. Electron microscope observations demonstrated that 

deficiency of GLG1 induces autophagic vacuoles (double or multi membrane-bound 

structures) formation in mouse liver (Figure 2.5F). Consistent with this result,  the 

flow cytometry analysis of 4 independent experiments detected higher fluorescence 

intensity of the cationic amphilic tracer dye upon knockdown of Glg1 (Figure 2.5G). 

Following Glg1-knockdown in cells and mouse liver, we measured mRNA levels of 

key molecules in autophagy pathways. Our qPCR analysis showed mRNA level of 

Beclin, LC3B, and ATG7 remain unchanged in cells (Supp. Figure 2.3D) and mouse 

liver (Supp. Figure 2.3E).  

Glg1-knockdown decreased circular staining of apoB in CLDs (apoB-

crescents) and induced accumulation of apoB in aggresomal structures 
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Mobilization of lipids to the cytoplasmic lipid droplets (CLD) is required for 

VLDL assembly (Gibbons et al., 2000). The decrease in VLDL secretion by 

knockdown of Glg1 in mouse liver prompted us to monitor the association of apoB 

with CLDs. For this reason, we treated Huh7 cells, with or without Glg1-knockdown, 

for 4 hours with oleic acid (OA; 1.5 mM) to stimulate lipid synthesis. Fluorescence 

confocal microscopy analysis revealed that apoB was labeled around CLDs (apoB-

crescent) in control cells (Figure 2.6A). ApoB underwent a profound conformational 

change with no localization around CLDs in the siGLG1-treated cells (Figure 2.6A). 

To further investigate the role of Glg1-knockdown in autophagy degradation of apoB 

and the characteristic shape of apoB, we treated the cells with an autophagy 

inhibitor, 3-methyladenine (3MA; 10 mM), for 3 hours. Circular double labeling of 

apoB and CLDs was observed in control cells that were treated with 3-MA. 

Conversely, no association of undegraded apoB (gross aggregation) with CLDs was 

observed in Glg1-knockdown cells that were treated with 3-MA (Figure 2.6A).  

Quantification of fluorescence intensity of apoB demonstrated a significant 

decrease of apoB staining by knockdown of Glg1, but the decrease was blocked by 

3-MA (Figure 2.6B). Based on the characteristic shape, the frequency of apoB-

crescents was decreased, mostly diffused, and partially aggregated by Glg1-

knockdown. Also, Inhibition of autophagy in Huh7 cells post knockdown of Glg1 

caused a cytosolic accumulation of apoB in large aggregates and a decrease in the 

number of apoB-crescents (Figure 2.6C).  

Since P62 plays an essential role in the autophagic degradation of 

ubiquitinated cytoplasmic proteins (Ichimura et al., 2008), we analyzed the effect of 

Glg1 knockdown on the correlation between apoB, P62, and ubiquitin, (Pankiv et al., 
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2007). Immunofluorescence staining demonstrated a robust increase in cytoplasmic 

accumulation of P62 and a minimal increase of nuclear ubiquitin staining by 

knockdown of Glg1 (Figure 2.6D). Accumulation of aggregated apoB and P62 in the 

perinuclear region was observed in cells with Glg1 knockdown following treatment 

with an autophagy inhibitor. Moreover, redistribution of nuclear ubiquitin to the 

perinuclear region indicated impaired autophagy and GLG1 deficiency together 

induced ubiquitination of undegraded apoB (Figure 2.6D).  

Increase in P62 staining upon GLG1 deficiency was confirmed by 

quantification analysis (Figure 2.6E). A significant increase in ubiquitin 

immunofluorescence staining was observed in GLG1 deficient Huh7 cells that were 

treated with an autophagy inhibitor (3-MA) (Figure 2.6F). Our further quantification 

analysis demonstrated a significant increase in apoB co-localization with P62 by 

Glg1 knockdown with/without an autophagy inhibitor. This suggests that co-

localization of apoB with P62 by Glg1 knockdown is autophagy-independent (Figure 

2.6G). These observations further verified that Glg1 knockdown alters the 

processing of apoB, via the autophagosome/aggresome pathway. 

Autophagy inhibition upon Glg1 knockdown compromises degradation of 

ubiquitinated apoB aggregates 

To further investigate the contribution of autophagy in apoB degradation upon 

downregulation of GLG1, we performed immunofluorescence staining of apoB and 

marker of autophagy (LC3),  in Huh7 cells that were treated with OA (1.5 mM; 4 

hours) in presence or absence of 3-MA (10 mM; 3 hours). Our confocal microscopy 

analysis demonstrated a decrease in apoB expression and change in the localization 
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of endogenous apoB and LC3 upon knockdown of Glg1 (Figure 2.7A). Incubating 

the GLG1 deficient cells with 3-MA prevented the decrease of apoB expression and 

induced aggregation of apoB and LC3 in the perinuclear region (Figure 2.7A). To 

better understand the role of Glg1-knockdown on intracellular trafficking of apoB, 

Huh7 cells (with or without Glg1 knockdown) were treated with 3-MA either in the 

absence (Figure 2.7B) or presence (Figure 2.7C) of OA. OA stimulates apoB 

secretion by preventing proteasomal apoB degradation in HepG2 cells (Dixon et al., 

1991). 

Western blot analysis indicated that knockdown of Glg1 reduced protein level 

of apoB in cell lysates and caused a robust decrease in apoB secretion in cells that 

were treated with (Figure 2.7B) or without (Figure 2.7C) OA. Treating the cells with 

3-MA, blocked the intracellular degradation of apoB in Glg1-knockdown cells. 

However, a marked decrease of apoB secretion was detected in either control or 

Glg1-knockdown cells (Figure 2.7B). We next changed our experimental strategy to 

examine whether inhibition of autophagy could block reduction of apoB secretion in 

GLG1-deficient cells. For this purpose, we treated the cells with OA to induce apoB 

secretion and 3-MA to inhibit autophagy degradation. Prevention of the dramatic 

decrease of apoB secretion in Glg1-knockdown cells was observed by 

immunoblotting analysis of the conditioned medium (Figure 2.7C). Together, these 

data argue strongly that Glg1-knockdown requires autophagosome/lysosomes 

pathway to induce degradation of aggregated apoB.  
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2.5 Discussion 

The observation that PCSK9 and LDLR co-exist within the secretory pathway, 

and that PCSK9 induces LDLR degradation, while there are some remaining LDLR 

at the cell-surface for clearance of LDL, raised the possibility of the presence of some 

modulators that might change the capacity of PCSK9 for LDLR degradation (Surdo 

et al., 2011). We began this study with a desire to find a new PCSK9 interacting 

protein that may change the function of PCSK9 on LDLR degradation. The data 

presented in this work revealed that GLG1 is an endogenous PCSK9 intracellular 

binding protein that can also interact with apoB and LDLR in physiological conditions. 

GLG1 is also known as E-selectin ligand-1 (ESL-1) (Steegmaler et al., 1995), Golgi 

sialoglycoprotein (MG-160) (Stieber et al., 1995), cysteine-rich fibroblast growth 

factor receptor (CFR) (Burrus et al., 1992), homocysteine-rich fibroblast growth 

factor receptor (CGR-1)(Burrus et al., 1992), and latent transforming growth factor-

β complex protein 1 (LTCP-1 ) (Olofsson et al., 1997). 

The interaction of GLG1 with a truncated PCSK9 lacking the C-terminal 

domain (PCSK9-L455X-V5) as well as pro- and mature- forms of PCSK9 suggest 

that GLG1 interacts with the catalytic domain of PCSK9 via intracellular trafficking of 

the PCSK9 to the cell surface. Given that interaction of GLG1 with PCSK9, LDLR, 

and apoB might have a crucial role in the regulation of plasma cholesterol 

homeostasis, our work focused on the specific role of GLG1 in regulating the 

expression of PCSK9, LDLR, apoB-lipoproteins, and cholesterol homeostasis. 

Our results demonstrated that knockdown of Glg1 decreased RNA (Supp. 

Figure 2.1C) and protein (Figure 2.2D) expression of LDLR in Huh7 cell lysates. 
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Moreover, downregulation of Glg1 decreased protein level of PCSK9 in lysates and 

apoB in media and lysates of Huh7 cells (Figure 2.2D). The decrease of apoB in the 

media of Huh7 cells following the Glg1 knockdown, in conditions where there are 

less LDLR at the cell surface for its clearance; suggest that GLG1 might be required 

for the secretion of apoB-lipoproteins to the cell surface. Ligand-receptor interaction, 

within the trafficking pathway of proteins from the ER to the cell surface, is an 

important mechanism to regulate protein secretion, in a way that receptor modulates 

the export of its ligands from the ER to the cell surface (Gillian-Daniel et al., 2002). 

In our study, a decrease in LDLR protein expression (Figure 2.2D and E) and its 

interactions with its ligands (PCSK9, and apoB) might decrease the trafficking 

pathway of apoB, PCSK9, and LDLR to the cell-surface and, in consequence, induce 

their degradation pathway.   

Genetic defects in LDLR (Brown and Goldstein, 1986), apoB (Soria et al., 

1989), and PCSK9 (Abifadel et al., 2003) are associated with autosomal dominant 

hypercholesterolemia (ADH), an inherited disorder characterized by elevated 

plasma levels of low LDL particles (Nordestgaard et al., 2013). A study on ADH-

families without any mutations in these three genes has indicated the existence of 

other ADH genes. A genome-wide scan analysis of this family mapped a fourth ADH 

gene at 16q22.1 locus containing 154 genes, including GLG1 gene (Marques-

Pinheiro et al., 2010). 

To better characterize the importance of GLG1 in cholesterol regulation, we 

analyzed tissue samples from C57BL/6 mice after two-weeks of Glg1-knockdown. 

Our data revealed that knockdown of Glg1 in mouse liver decreases intracellular 

protein level of LDLR, PCSK9, and apoB (Figure 2.2E). Moreover, it led to marked 
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reductions in PCSK9 secretion (Figure 2.2F) and plasma cholesterol level (Figure 

2.3A). To our knowledge, there has been no previous report on the importance of 

GLG1 in the regulation of PCSK9, apoB, and LDLR proteins. Furthermore, the effect 

of GLG1 on cholesterol regulation has not been reported before. The assembly and 

secretion of apoB-containing lipoproteins from hepatocytes depend on the amount 

of apoB that is loaded with TG through the activity of MTP. In contrast, poorly 

lipidated apoB cannot fold properly and therefore is more likely to be delivered to 

ubiquitination machinery for degradation. Hence, the availability of apoB, TG, and 

MTP is important in determining the plasma cholesterol level and its substantial 

influences on the risk of cardiovascular disease (Polonovski and Beucler, 1983). 

Thus, we further characterized the decrease of the circulatory level of 

cholesterol observed in Glg1-knockdown mice using FPLC analysis and TG 

measurements. Our results showed a significant decrease in LDL, HDL (Figure 2.3B) 

and TG secretion (Figure 2.3E) in plasma of Glg1-knockdown mice. The decrease 

in TG secretion into the plasma resulted in TG accumulation (Figure 2. 3G) and more 

lipid droplet formation (Figure 2.4E-F) in mouse liver upon Glg1-knockdown. In 

contrast to our results with Huh7 cells, apoB accumulated in the plasma of the Glg1-

knockdown mice (Figure 2.3E). The reason for this discrepancy in our results is not 

well understood. This could be due to physiological differences between growing 

cells in flat layers and in vivo state as well as different lipid profile between mouse 

and human hepatocytes. Mouse has a high level of atheroprotective HDL, whereas 

human has high level of atherogenic LDL (Vergeer et al., 2010). We also speculate 

that the apoB accumulation in plasma of Glg1-knockdown mice is due to the long-

term low expression of cell surface LDLR and reduced level of MTP activity, two 
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effects that were previously reported in the Ldlr-/- MtpΔ/Δ mice (Larsson et al., 2004). 

Accumulation of apoB, while there are less VLDL and LDL in plasma, brought the 

idea that apoB lipidation was inadequate in Glg1 knockdown mice. This led us to 

propose that GLG1 downregulation decreases MTP activity in transferring neutral 

lipids into the core of primordial lipoprotein particles for mature VLDL synthesis. Our 

data supported this hypothesis by showing a remarkable decrease of MTP activity 

in liver of the GLG1- knockdown mice (Figure 2.3G). The present results are 

consistent with the study of Larsson et al. (2004) suggesting that low levels of MTP 

activity and cell surface LDLR can lead to apoB accumulation in mouse plasma. 

ApoB and neutral lipids are the known substrates for MTP activity. Reduction in 

mRNA level of apoB in mouse liver (Figure 2.1 C), and no significant change in 

mRNA and protein level of MTP (Supp. Figure 2.2 A-B), while there is a decrease in 

MTP activity (figure 2.3G) may suggest that decrease in MTP activity is simply due 

to the less availability of apoB for lipidation. 

A decrease in HDL secretion following Glg1 knockdown might be explained 

by the decrease of MTP activity as demonstrated in a study with liver-specific MTP-

knockout mice (Raabe et al., 1999). MTP is essential for transferring triglycerides 

into the ER lumen for VLDL assembly. Inactivating the MTP gene in the liver reduces 

VLDL triglycerides and subsequently decreases the availability of substrates for the 

generation of HDL (Raabe et al., 1999). Moreover, fine mapping and association 

studies on patients with low levels of HDL-C have shown that a region on 

chromosome 16 is likely to harbor a gene for the low circulatory level of HDL, which 

is not identified yet (Dastani et al., 2010). The extreme decrease in the circulatory 

level of HDL by GLG1-downregulation and the fact that GLG1 gene is located at the 
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16q22.1 locus (Mourelatos et al., 1995), suggest that the sequencing of GLG1 in 

these patients (individuals with low levels of HDL-C) might help to identify the causal 

gene that is responsible for severe low plasma level of HDL. 

Immunoblotting for apoB of FPLC fractions demonstrated a darkly stained 

smear overlapping with small HDL that might correspond to aggregated apoB and 

poorly lipidated lipoproteins because of Glg1 knockdown (Figure 2.3B). We also 

showed that downregulation of Glg1 altered apoB distribution within different 

lipoprotein fractions and reduced apoB secretion in VLDL containing lipoproteins 

(Figure 2.3B). The decrease of apoB concentration in VLDL lipoproteins might be a 

consequence of the decrease in MTP activity and lower apoB secretion from the liver 

(Raabe et al., 1999), or it could be because of the increase in apoB degradation by 

inducing the autophagy pathway (Boström et al., 1986; Davis et al., 1990). However, 

there is no direct evidence to identify which of these two concepts is a primary cause 

of reduced apoB secretion in plasma. 

To investigate whether downregulation of Glg1 induces the degradation of 

apoB100 in a pre- or post-Golgi compartment, we treated Huh7 cells with BFA. Our 

results demonstrated that knockdown of Glg1 significantly decreases the protein 

level of apoB-100 that was retained in the ER (Figure 2.5A). These results suggested 

that GLG1 is required for the transit of apoB from the ER to the post-ER 

compartments. This explains that GLG1 would be required for substantial interaction 

with apoB and probably some other proteins that cannot be regained by its 

knockdown and contributes to the different fate of these proteins. 

A number of potential mechanisms, including ER-associated and post-ER 

proteolysis, exist to transfer apoB from the ER to the degradation compartments 



121 
 

(PERPP) (Fisher and Ginsberg, 2002; Fisher et al., 2001). Proteasomal and 

autophagic degradation systems are early and late quality control mechanisms for 

apoB-degradation, respectively (Qiu et al., 2011). It has previously been reported 

that apoB-crescents are formed by lipidated apoB in hepatocytes with regular MTP 

activity, and their amount is reduced by inhibition of MTP activity in Huh7 cells 

(Ohsaki et al., 2008). If newly synthesized apoB lipoproteins are not correctly 

lipidated, they will be removed from the secretory pathway by apoB-proteasomal or 

autophagosomal degradation (Qiu et al., 2011). Poorly lipidated apoB tend to form 

irreversible aggregates (Williams and Tabas, 1995) and autophagy plays a major 

role in the elimination of aggregated proteins (Komatsu et al., 2005). 

It has been shown that degradation of apoB in Huh7 cells is mainly through 

autophagy (Ohsaki et al., 2006). Our confocal microscopy analysis demonstrated a 

significant decrease in the number of apoB-crescents and an increase of apoB 

aggregation in Glg1-knockdown cells. This data can be explained by our in-vivo 

observation that MTP activity was reduced in mouse liver upon Glg1 knockdown. In 

contrast to the studies supporting the idea that aggregation is toxic (Goldsteins et 

al., 2008; Pasinelli et al., 2004), some reports have suggested that aggregation is 

not toxic but maybe rather protective (Prudencio et al., 2009; Witan et al., 2008).  

P62, a common component in protein aggregates, has a protective role in cell 

survival by recruiting autophagosomal components to the polyubiquitinylated protein 

aggregates (Arrasate et al., 2004). Our data showed an increase in the protein level 

of P62 expression in Glg1 knockdown cells and mouse liver. In our results, 

knockdown of Glg1 in Huh7 cells led to the aggregation of autophagy marker, either 

endogenous LC3 or overexpressed LC3-GFP. In addition, an increase in 
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colocalization of aggregated apoB with P62 was observed in GLG1-deficient Huh7 

cells. We observed the formation of autophagic vacuoles in the liver of Glg1 

knockdown mice by electron microscopy images. Our flow cytometry analysis also 

demonstrated an increase in the amount of autophagy fluorescent marker by 

downregulation of Glg1 in Huh7 cells (Figure 2.5G). Altogether, our results suggest 

that downregulation of Glg1 in Huh7 cells or mouse liver led to impairment of apoB 

trafficking to the LDs and decreased secretion of apoB, which in turn resulted in the 

formation of apoB aggregates and their translocation to the 

autophagosome/aggresome compartment for degradation. 

To further evaluate the effect of Glg1 knockdown on autophagy degradation 

of apoB, Huh7 cells (with or without Glg1-knockdown) were treated with an 

autophagy inhibitor. Our results demonstrated that inhibition of autophagy in control 

cells decreased apoB secretion into media (Figure 2.7B). Since proteasomal and 

autophagic degradative pathways are linked together for apoB degradation (Ohsaki 

et al., 2006), and apoB secretion depends on the rate of apoB degradation 

(Borchardt and Davis, 1987), we concluded that autophagy inhibition induced 

proteasomal degradation of apoB and thereby decreased apoB secretion into media. 

An earlier study in HepG2 cells showed that OA inhibits the proteasomal apoB 

degradation, and stimulates apoB secretion (Dixon et al., 1991). Moreover, Qiu et 

al. (2005) suggested a stimulatory role of OA in MTP gene transcription with 

increased protein level and activity of MTP in HepG2 cells. Therefore, we analyzed 

the effect of 3-MA upon Glg1 knockdown in cells that were treated with OA to prevent 

accelerated proteasomal degradation of apoB. Our western blot analysis 

demonstrated that intracellular apoB degradation was partly blocked by 3-MA in 
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Glg1-knockdown cells and induced apoB secretion. Preventing disposal of 

aggregated apoB by 3-MA in OA treated Glg1-knockdown cells, led to apoB 

ubiquitination and formation of large apoB-aggregates. Further aggregation of 

endogenous LC3 by autophagy inhibition in Glg1 knockdown cells might indicate the 

stuffed autophagosome from aggregated apoB. 

Glg1-knockdown mice demonstrated reduced body weight (Supp. Figure 

2.1D). GLG1 interacts with many proteins, including fibroblast growth factors (FGFs). 

FGFs are a family of at least 22 growth factors with essential functions such as cell 

proliferation and differentiation, tissue repair, and organ development (Eswarakumar 

et al., 2005). It has been shown that phenotype of Glg1-/- mice is similar to the 

phenotype of FGF18 knockout mice, in showing growth retardation (Miyaoka et al., 

2010). In a study by Yang et al. (2013), loss of GLG1 resulted in severe osteopenia 

and decreased bone formation in mice. These results most likely help to explain why 

mouse body weight was lower in our Glg1-knockdown group. 

While we have shown strong findings, there are some limitations to our 

experiments. Although HuH7 cell line retained many of the primary hepatocyte 

functions, they come with limitations. The monolayer culture of human hepatic cell 

lines may result in a loss of hepatocyte morphology and liver-specific functions 

(Bachmann et al. 2015). The human liver secretes apoB100 mainly associated with 

VLDL particles, unlike the HuH7 cells that secrete predominately LDL, and higher 

density apoB100-containing particles. Thus, using an alternative model such as 

human primary grown in 3D organoids may more closely resemble hepatocyte 

biology. In this study, we focused on the effect of GLG1 on circulatory and 

degradation pathway of apoB. However, the effect of GLG1 on trafficking pathways 
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of apoA1, PCSK9, and LDLR is not yet entirely studied. We proposed that GLG1 is 

required for their transit from the ER to the post-ER compartments. Systematic 

experiments to determine and validate the underlying pathways of the 

interrelationship between GLG1, PCSK9, apoA1, and LDLR will have to be 

performed.  

In summary, we provided evidence that the interaction of GLG1 with apoB is 

important, for apoB-lipoprotein secretion and cholesterol regulation. Figure 2.8 is a 

graphical abstract, summarizing the major features of different trafficking pathways 

of apoB in presence or knockdown of Glg1 implied by our data. This study opened 

up a proposed mechanism of how Glg1 knockdown decreases apoB lipidation and 

TG secretion. Our results raised many unexpected questions related to the 

regulatory role of GLG1 on intracellular trafficking of PCSK9, LDLR, and probably 

some other lipoproteins such as apoA1. Therefore, it would be interesting to 

elucidate the function of GLG1 on other GLG1-interacting proteins. Taken together, 

our results suggest that blocking the interaction of GLG1 with apoB might be a 

promising therapeutic approach to decrease the production of atherogenic apoB-

containing lipoproteins and thus prevent the development of atherosclerosis.  
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2.6 Figures 

 

Figure 2.1 Identification of GLG1 as an endogenous PCSK9, LDLR, and apoB-
binding protein 
 

(A) Silver staining of proteins immunoprecipitated (IP) with overexpressed V5-

tagged PCSK9 in Huh7 cells. The indicated protein by an arrow at 150 kDa was 

identified by mass spectrometry. (B) Immunoblot (IB) showing coIP of endogenous 
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GLG1 with indicated constructs of PCSK9 and LDLR (overexpressed V5-tagged 

plasmids) in Huh-7 cells. (C-D) IB showing coIP of endogenous GLG1 with apoB in 

(C) liver of the mice injected with AAV8-shRNA against GLG1 or control scramble 

virus (D) or in Huh-7 cells transfected with siRNAs against PCSK9 or GLG1 (E-G) 

Confocal immunofluorescence microscopy of endogenous GLG1 with (E) 

overexpressed PCSK9, or endogenous (F) apoB or (G) LDLR in Huh-7 cells. Arrows 

point to regions of partial co-localization. Scale bar: 10 μm. (H) Colocalization 

between GLG1 and apoB or GLG1 and LDLR was quantified by measuring the 

overlap between the red and the green channels and calculated by Pearson's 

correlation coefficient (r) value. Graph H represent means ±SD (∗p < 0.05).. All data 

are representative of at least two independent experiments. 
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Figure 2.2 Knockdown of GLG1 reduced apoB, PCSK9 and LDLR protein 
expression in Huh7 cells and in mouse liver  

 

(A-C) Huh7 cells, 72-hours post reverse transfection with siRNAs against 

GLG1 and control, were incubated with complete media + Cycloheximide (CHX; 25 

μg/mL), analyzed by IB (data not shown), quantified and normalized over β-actin. 

Graphs represent the percentage of remaining protein of (A) apoB (B) PCSK9 (C) 

and LDLR after incubation of cells with CHX at indicated time points from two 

independent experiments. Graphs represent means ±SD (∗p < 0.05). (D) Huh7 cells 

were transfected with siCtrl or siRNA against GLG1. Protein levels of GLG1, LDLR, 

PCSK9 (lysates) and apoB (lysates and an equal volume of conditioned media) were 

analyzed by IB, quantified, and normalized over β-actin (right panel). Graphs show 
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means ±SD of at least three independent experiments (∗p < 0.05). (E) IB and 

quantification analysis (right panel) of apoB-100, GLG1, LDLR, PCSK9, albumin in 

mouse liver and apoB-100 and apoB48 in plasma of control and Glg1-knockdown 

mice. Graphs represent means ±SD from four independent experiments (∗p < 0.05). 

(F) Plasma level of PCSK9 (ng/ml) from mice treated with AAV8-shGLG1 or AAV8-

scramble in four independent experiment; error bars: SD; n= (17-20)/group; (∗∗∗p < 

0.001). (G) Huh7 cells (H) or mouse liver cryosections were fixed with 4% 

formaldehyde and immunostained for LDLR (green) in control and Glg1 knockdown 

groups. DAPI is shown in blue. Scale bar: 10 μm.   
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Figure 2.3 Regulation of plasma apoB-containing lipoproteins, HDL-
cholesterol, and triglycerides upon Glg1 knockdown. 

 

(A-G) C57BL/6 mice (8-wk-old) were injected with AAV8 expressing either 

control shRNA (scramble) or shRNA against GLG1. All treated mice were sacrificed 

after 2-weeks of virus injection, and plasma and liver samples were collected. (A) 

Total cholesterol in mouse plasma was measured using a commercial kit (Wako) 

from four independent experiments; error bars: SD; (n=15)/group; (****p<0.0001). 

(B) Distribution of cholesterol and apoB in lipoprotein fractions. Pooled plasma 

samples (from five mice/group) were size-fractionated by gel filtration 

chromatography using a Superose 6 column, and aliquots of the FPLC fractions 

were used for cholesterol determination (enzymatically) and IB analysis. (C) Total 

plasma apoB from each group of mice was measured using an ELISA kit (LSBIO) 
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from four independent experiments; error bars: SD; (n=12-17)/group; (*p<0.05).  (D) 

IB and quantification (right panel) analysis of apoA1 in mouse liver from two 

independent experiments. Protein samples were separated on 10% polyacrylamide 

gel.  Error bars: SD; (n=7)/group; (*p<0.05). (E) Hepatic secretion of VLDL-

triglycerides in fasting mice (6 hours) after i.v. administration of tyloxapol (500 mg/kg 

body weight). Blood samples were taken from both groups of mice (control and Glg1 

knockdown) at indicated time points after tyloxapol injection. TG concentration was 

analyzed using an Elisa kit (CEDARLANE), and VLDL secretion rate (mg/dl) was 

calculated using the slopes of the curves. Error bars: SD; (n=3)/group; (*p<0.05; ∗∗p 

< 0.01; ∗∗∗p < 0.001). (F) Hepatic triglyceride concentration (mg/dl) was evaluated 

in mouse liver, using 100 mg of tissue samples and the triglyceride quantification kit 

(CEDARLANE). All results are presented as the mean ± SD from at least three 

independent experiments. n= (17-19)/group; (*p<0.05). (G) MTP activity in mouse 

liver tissue from four independent experiment; error bars: SD; n= (9-10)/group; 

(*p<0.05; ∗∗p < 0.01).  
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Figure 2.4 Knockdown of GLG1 increased lipid droplets numbers in Huh7 cells 
and changed the morphology of the endoplasmic reticulum in mouse liver. 

  

(A) Huh7 cells were fixed with 4% paraformaldehyde for confocal microscopy 

analysis, 72-hours post reverse transfection with either siCtrl or siGLG1. Fat bodies 

were stained with Bodipy 493/503 (green) to visualize LDs and apoB with the anti-

apoB antibody (blue). Scale bar: 10 μm.  (B) Quantification of LDs number (C) and 

LDs size distribution of each group of transfected cells. More than 100 cells were 

counted in each condition from three independent experiments. Error bars: SD 

;(*p<0.05). (D-H) Mouse livers were collected 2-weeks after injection with AAV8-

shGLG1 or scramble for IB, IHC, and electron microscopy analysis. (D) IB and 
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quantification (right panel) analysis of perilipin, a lipid droplet-associated protein, in 

mouse liver upon Glg1 knockdown. P-cadherin was used for loading control. Error 

bars: SD; n= (7-9)/group from two independent experiments; (*p<0.05) (E) BODIPY 

staining (green) on 10 μm mouse liver cryosections. BODIPY-positive LDs are 

abundant in hepatocytes from mouse group with the Glg1 knockdown. Scale bar: 10 

μm. (F, G) Conventional thin-section electron microscopy images of mouse liver 

demonstrate (F) lipid droplets, (G) and morphological changes in the Endoplasmic 

reticulum (ER). Scale bar: 500 nm. (H) IB and quantification (right panel) analysis 

from two different markers of ER-stress (GRP94 and GRP78) in mouse liver. Error 

bars=SD; n= (4-7)/group from two independent experiments; (ns=not significant).  
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Figure 2.5 Glg1-knockdown induced autophagosome/aggresome formation 
and apoB-100 degradation. 

 

 (A) Huh7 cells were treated with or without the vesicular trafficking inhibitor 

brefeldin A (BFA; 5 µg/ml), 48 hours after reverse transfection with siCtrl or siGLG1, 

for 16 hours. IB analysis of apoB-100, GLG1, PCSK9, and β-actin, in protein extracts 

from treated cells; n=2. (B-C) IB and quantification (bottom panel) analysis of P62 
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protein expression (B) in mouse liver, two-weeks after injection with AAV8 

expressing either shGLG1 or scramble (control); n= (4-5)/group from two 

independent experiments.  Error bars=SD; (∗p < 0.05) (C) Or in lysates of Huh7 cells, 

72-hours after reverse transfection with siCtrl or siGLG1. n= (5-6)/group from three 

different experiments. Error bars=SD; (∗p < 0.05). (D) Huh7 cells, 72-hours post-

reverse transfection with siCtrl or siGLG1 were fixed with 4% paraformaldehyde and 

immunostained for P62 (green). DAPI is shown in blue.  Scale bar: 10 μm. Images 

are representative of three independent experiments. (E) Confocal 

immunofluorescence microscopy of Huh7 cells stably overexpressing GFP-LC3 with 

or without a Glg1 knockdown. Scale bar: 10 μm; n=3. (F) Mouse liver samples from 

both groups of mice (scramble and shGLG1) were processed for EM. Arrows show 

autophagosomes. Scale bar: 500 nm. (G) Autophagy flux was determined in Huh7 

cells using Cyto-ID assay with a fluorescent, cationic amphilic tracer dye. 

Fluorescence intensity of the dye was detected by flow cytometry analysis in three 

independent experiments. n= (5-6)/group. Error bars=SD; (∗p < 0.05). 
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Figure 2.6 Glg1-knockdown decreased staining of apoB (apoB-crescents) and 
induced accumulation of apoB in aggresomes. 

 

Huh7 cells were reverse transfected with siCtrl or siGLG1 and 72-hours post 

reverse transfection, the normal culture medium was supplemented with oleic acid 
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(OA; 1.5 mM) ± 3-methyladenine (3-MA; 5 mM), an autophagy inhibitor, for 4 hours. 

(A) Huh7 cells were fixed with 4% paraformaldehyde and immunostained for GLG1 

(red) and apoB (blue). LDs (green) were stained with BODIPY and nuclei (cyan) 

were stained with DAPI. Arrows demonstrate apoB distributed throughout the LDs in 

control cells (first row), but a conspicuous concentration of apoB around LDs  

disappeared after Glg1 knockdown (second row). Addition of 3-MA into complete 

media after Glg1 knockdown reduced crescent shape of apoB and induced its 

perinuclear aggregation. Scale bars:10 μm. n=3 (B) The integrated fluorescence 

intensity associated with the antibody against apoB. More than 100 cells were 

counted per experiment. n=3; errors=SD; (∗p < 0.05)  (C) The numbers of apoB-

crescent–positive cells and apoB-aggresome–positive cells were counted in 

confocal microscopy images. The percentage was calculated by dividing the counts 

by the total number of cells in each field. More than 100 cells were counted per 

experiment. n=3. Error bars=SD; (∗p < 0.05). (D) Huh7 cells were fixed with 4% 

paraformaldehyde and immunolabeled for apoB (blue), P62 (green) and ubiquitin 

(red). In Glg1-knockdown cells, increased level of P62 and ubiquitin expression were 

detected. Arrows demonstrated a conformational change of apoB and increased 

colocalization of apoB with P62 and ubiquitin by Glg1 knockdown compared to the 

control cells. Scale bar: 10 µm (E-F) Integrated fluorescence intensity of (E) P62 or 

(F) ubiquitin was quantified using Image J program. More than 100 cells were 

counted per experiment. n=2; errors=SD; (∗p < 0.05).  (G) Colocalization of apoB 

with P62 was analyzed by means of Pearson's correlation coefficients in randomly 

chosen fields. n=2. Error bars=SD; (∗p < 0.05).   
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Figure 2.7 Autophagy inhibition upon Glg1 knockdown compromises 
degradation of apoB aggregates. 

 

(A) Huh7 cells were reverse transfected with either siCtrl or siGLG1 and, 72 

hours post-transfection; they were treated with OA (1.5 mM) in the 

absence/presence of 3MA (5 mM) for 4 hours. Cells were fixed with 4% 

paraformaldehyde and immunolabeled for apoB (blue) and a marker of endogenous 

LC3 (red). Confocal microscopy images showing colocalization of apoB with LC3 

(red) in control cells (first row). Knockdown of GLG1 led to the formation of 

aggregated LC3 and diffused apoB (second row). Incubating of cells with 3-MA post 

Glg1 knockdown (fourth row), demonstrating further LC3 aggregation and 

colocalization with large apoB-aggregates.  Scale bar: 10 μM. (B) IB and 

quantification (bottom panel) analysis to determine the effect of autophagy inhibition 
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(3-MA; 5 mM; 4 hours) on protein level of apoB (lysates and conditioned media) 

following Glg1 knockdown compared to the control cells. n=3, (∗p < 0.05). (C) 

Immunoblotting of lysates and conditioned media from Huh7 cells, with or without 

GLG1knockdown. Cells were treated with OA (1.5 mM) in the absence or presence 

of 3-MA (5 mM); n=3. 
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Figure 2.8 Schematic diagram showing proposed pathways of apoB secretion 
or degradation in the presence (left) or absence of GLG1 (right). 

 

In control hepatocytes (left diagram), GLG1 interacts with apoB, PCSK9, and 

LDLR in the pre-Golgi compartment and regulates their cell-surface expression. 

ApoB, after its translation, could undergo a degradational pathway or a pathway that 

leads to its secretion. ApoB-VLDL secretion depends on the amount of apoB that is 

degraded in hepatocytes. Lipidation of apoB by MTP results in the pre-VLDL 

formation, and VLDL-TG secretion. poorly-lipidated apoB or misfolded apoB is 

translocated to the cytoplasm, ubiquitinated and targeted for proteasomal or 

autophagosomal degradation. Lipid droplets (LDs) serve as a platform for apoB 

accumulation. Accumulation of apoB in a crescent-shaped structure around LDs is 
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named apoB-crescent. ApoB-crescents and LDs are in close proximity to 

proteasomes. Impairment in degradation of misfolded apoB via ubiquitin-

proteasome pathway leads to apoB aggregation, and then aggregates are degraded 

by an autophagic process. 

In Glg1-knockdown hepatocytes (right diagram), the intracellular trafficking of 

PCSK9 and LDLR to the cell-surface is disrupted, which result in a decrease in their 

cell-surface expression. Moreover, a decrease in MTP activity was observed in Glg1-

knockdown hepatocytes which led to decrease in apoB-lipidation and secretion. 

Also, impaired trafficking of misfolded apoB to apoB-crescent structures was 

observed in GLG1-deficient hepatocytes, which resulted in an increase in the 

formation of apoB-aggregates and their autophagosomal degradation. Here, we 

have depicted accumulation of poorly lipidated apoB by Glg1 knockdown in mouse 

hepatocyte but based on our in vitro data in Huh7 cells we cannot exclude that the 

total level of apoB was reduced in the medium of cells with GLG1 deficiency. 
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Supplementary Figure 2.1. Effect of GLG1 deficiency on RNA expression of 
genes that are involved in cholesterol regulation 

 

(A) Huh7 cells were fixed with 4% paraformaldehyde and double 

immunolabeled for GLG1 (red) and Golgi apparatus (green) using anti-GLG1 and 

Golgin-97 (a marker of Golgi staining) primary antibodies and appropriate secondary 

antibodies. Scale bar: 10 μM.  (B) RNA was harvested from Huh7 cells, seventy-two 
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hours after reverse transfection with sictrl or siGLG1. Then, mRNA levels of GLG1, 

apoB, LDLR, 3-Hydroxy-3-methylglutaryl-CoA reductase (HMGCR), TBP (TATA box 

binding protein) and albumin were assessed by RT-qPCR and normalized to TBP 

and albumin expression levels. Data represent the means of three independent 

experiments analyzed in duplicate ± SD (****p < 0.0001).  (C) RNA was harvested 

from the liver of the mice, two-weeks after tail-vein injection of AAV8-shGLG1 or 

scramble. Expressions of genes were measured by RT-qPCR in duplicates from four 

independent experiments and normalized to TBP (TATA box binding protein) and 

albumin. Error bars=SD (**p < 0.01, ***p < 0.001, ****p < 0.0001). (D) Comparison 

of mouse body weight between the control group (scramble) and the group of the 

mice with 2-weeks of Glg1 knockdown.  
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Supplementary Figure 2.2. Effect of Glg1 knockdown on potential factors that 
may influence lipoprotein secretion 

 

 (A-B) C57BL/6 mice (8-wk-old) were injected with AAV8 expressing either 

control shRNA (scramble) or shRNA against GLG1. All treated mice were sacrificed 

after 2-weeks of virus injection, and liver samples were collected for (A) RNA, and 
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(B) protein analysis. (A) RNA levels of MTP, TBP (TATA box binding protein) and 

albumin were assessed by RT-qPCR and normalized to TBP and albumin 

expression levels. Data represent means of three independent experiments 

analyzed in duplicate ± SD; n=(16-18)/group, (ns=non significant).  (B) IB and 

quantification analysis (right panel) of MTP and albumin in lysates of liver samples 

from control and Glg1 knockdown mice. The protein level of MTP was normalized to 

albumin. Graphs represent means ±SD from four independent experiments; 

(n=13)/group; (ns=non significant). (C) RNA, and (D-F) protein was harvested from 

Huh7 cells, seventy-two hours after reverse transfection with sictrl or siGLG1. (C) 

mRNA levels of MTP and TBP (TATA box binding protein) were assessed by RT-

qPCR and normalized to TBP expression levels. Data represent the means of three 

independent experiments analyzed in duplicate ± SD; (n=5)/group (ns=non 

significant).  (D) Protein levels of MTP and actin were analyzed by IB, quantified, 

and normalized over β-actin (right panel). Graphs show means ±SD of three 

independent experiments. (n=10)/group; (ns=non significant). (E) IB analysis of 

protein levels of ANGPTL3  and actin in cell lysates and ANPTL3 in conditioned 

media; n=3. (F) Cells were transfected with the plasmid of ANGPTL3-HA using 

Lipofectamine 3000 , 48-hours after reverse transfection with either sictrl or siGLG1. 

Lysates and conditioned media underwent Western blotting for GLG1, ANGPTL3-

HA, and actin in lysates and ANGPTL3-HA in media. Intensities of signal were 

quantified by densitometry (right panel), n=3; (ns=non significant). (G) Plasma 

lipoprotein lipase activity before and 10 min after tail vein injection of heparin (0.1 

U/g body weight) in the scramble (control) and the shGLG1 mice. Heparin increased 

LPL activity in both groups (p<0.001), but this effect was not different between the 
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scramble and shGLG1 (P>0.05). Values are means ± s.e.m. (N=9). (G-H) C57Bl/6 

mice (8-wk-old) were injected with AAV8 expressing either control shRNA (scramble) 

or shRNA against GLG1. (G) Blood samples were collected before and 10 min after 

heparin (0.1 U/g body weight) administration, 2-weeks after virus injection. Plasma 

lipoprotein lipase (LPL) activity was measured in mouse plasma using the 

Fluorometric kit (Cell Biolabs INC). Heparin increased LPL activity in both groups 

(p<0.0001), though this effect was not different between control (scramble) and the 

group of the mice that were injected with shGLG1  (ns=non significant). Data 

represent mean±SD; (n=5)/group. (H) IB analysis of LPL and P-cadherin in lysates 

of liver samples from control and Glg1 knockdown mice. P-cadherin was used for 

loading control. 
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Supplementary Figure 2.3. The protein level of LC3-II is increased in GLG1-
deficient Huh7 cells in the presence of lysosomal inhibitor (NH4Cl) 

 

(A) IB analysis and densitometry quantification  (right panel) of LC3B and 

actin in protein extract from Huh7 cells transfected with either sictrl or siGLG1. The 

protein level of LC3 was normalized to actin levels. n=8. Error bars: SD; (ns=non 

significant).  (B) IB and quantification (right panel) analysis of LC3B and actin in liver 

protein extracts from mouse liver with or without Glg1 knockdown. n=15, Error bars: 
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SD; (ns=non significant). (C) Huh7 cells, 48 h post-reverse transfection with sictrl or 

siGLG1, were treated with NH4Cl (10 mM) or MG132 (5 µM) for 16 hours or with 3-

MA (10 mM ) for 3 to 4 hours. Media and protein lysates were subjected to 

immunoblotting analysis. Actin and albumin were used for loading control in lysates 

and media, respectively. (D) The expression levels of different autophagy-related 

genes in Huh7 cells (with or without Glg1 knockdown) were measured by RT-qPCR 

in duplicates and normalized to TBP (TATA box binding protein). (n=6)/group; 

(*P<0.05).  (E) qPCR analysis of autophagic-target genes expression in liver 

samples isolated from C57BL/6 mice, 2-weeks post virus (AAV8-shGLG1 or -

scramble) injection. (n=4)/group; (*P<0.05).   
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Foreword 

While LDLR−/− and apoE−/− are the most common used atherosclerosis mice 

models, they are not efficient for studying the effect of PCSK9 as both genes are 

required for PCSK9 function. Another atherosclerosis mice model is 

APOE*3Leiden.CETP mice that express LDLR and apoE genes but their use is 
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limited by high cost, several timely backcrosses, and limited accessibility. Thus, the 

magnitude of the association between plasma level of PCSK9 and atherosclerosis 

is not well known due to the lack of appropriate and easy accessible murine 

atherosclerosis model. 

This study was undertaken to identify a suitable atherosclerosis mice model 

to study the effect of PCSK9 gene modulation on atherosclerosis. Our data indicate 

that overexpression of gain-of-function mutated PCSK9D377Y in C57BL/6 mice fed 

WTD induced development of atherosclerotic lesions in the aortic root, which was 

then reduced by inducing PCSK9 downregulation using DOX reversible system. 

Having appropriate animal models and applicable techniques will facilitate the 

examination of new treatments for atherosclerosis disease. 
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3.1 Abstract 

Various atherosclerosis mouse models have been developed to investigate 

atherosclerotic aortic lesions. However, these models are mostly dependent on the 

absence of either LDLR or apoE genes, which are both required for the PCSK9 mode 

of action. Our objective was to develop an atherosclerosis mouse model, harboring 

LDLR and apoE genes, to investigate the association between PCSK9 and 

atherosclerotic lesions. We measured atherosclerotic lesions and circulating 

cholesterol level in the ATX [LDLR-/- ;Tg (apoB+/+)] mice fed either a chow diet or a 

Western-type diet (WTD) and compared them with our developed ATX-HZ [LDLR-/+; 

Tg (apoB-/+)] mice fed a WTD, and C57BL/6 mice overexpressing gain-of-function 

mutant PCSK9D377Y (AAV8-Teton-PCSK9D377Y) fed a WTD. ATX-HZ mice did not 

develop plaque, indicating that only one allele of LDLR is sufficient to protect mice 

against atherosclerosis. In contrast, significant atherosclerotic lesions were 

observed in the aortic root of the PCSK9D377Y overexpressed group similar to the 

levels found in the ATX mice. Doxycycline regulatable Tet-ON system was used to 

downregulate PCSK9 gene expression following its overexpression. The level of all 

circulating lipoproteins and the number of plaques in the aortic root were significantly 

reduced by inducing DOX reversible system. Thus, the C57BL/6 mice that 

overexpress PCSK9D377Y in an inducible manner is a useful mouse model for 

understanding the molecular role of PCSK9 on atherosclerotic plaques 

development. 

Keywords: Atherosclerosis, mice model, PCSK9, LDLR.  
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3.2 Introduction 

Atherosclerosis is characterized by the accumulation of fatty materials and 

plaque in artery walls. It can lead to heart attacks, strokes, and peripheral vascular 

disease, which are the principal causes of death worldwide (Mathers and Loncar, 

2006; Weber and Noels, 2011). The etiology of atherosclerosis is multifactorial such 

as heredity, high levels of plasma low-density lipoprotein cholesterol (LDL-C), high 

blood pressure, smoking, obesity, and lack of physical activity. Among these factors, 

elevated plasma LDL cholesterol level is a major risk factor that alone is sufficient to 

induce atherosclerotic plaque formation (Wilson et al., 1998). High level of plasma 

LDL can be the result of heterozygous mutations in LDL receptor (LDLR) (Brown 

and Goldstein, 1986a), and less frequently in apolipoprotein B-100 (APOB) (Soria et 

al., 1989) and proprotein convertase subtilisin/kexin type 9 (PCSK9) (Abifadel et al., 

2003). Therefore, LDL clearance, which is mediated by the liver through the LDL 

receptor (LDLR), represents an essential mechanism to maintain vascular health 

(Brown and Goldstein, 1986a).  

PCSK9, a liver-secreted glycoprotein, was identified as an extracellular ligand 

of LDLR. It enhances the LDLR lysosomal degradation and thereby increases 

plasma LDL concentrations. PCSK9 gain-of-function (GOF) mutations greatly 

increase LDLR degradation, which results in high blood LDL and an increase in the 

risk of coronary heart disease (CHD) (Abifadel et al., 2003; Timms et al., 2004). The 

endeavor for atherosclerosis plaque regression has met considerable resistance 

over the years (Blankenhorn and Hodis, 1994; Stein and Stein, 2001). Very low 

plasma level of LDL and 88% lower risk of CHD in individuals by PCSK9 loss-of-
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function (LOF) mutations (Cohen et al., 2005) suggests that reducing the function of 

PCSK9 might be a therapeutic approach for atherosclerosis disease.   This idea was 

further supported by observing a higher level of LDLR and 25% to 50% decrease in 

plasma cholesterol of PCSK9 knockout mice (Rashid et al., 2005). Although the 

functional roles of PCSK9 in atherosclerosis has been studied before, the in vivo 

relevance of PCSK9 inhibition on protection against atherosclerosis is not yet fully 

understood. A proper atherosclerotic animal model is required to define the detailed 

mechanism of PCSK9 effect on atherosclerotic lesions. 

The most frequent murine atherosclerotic models are the apoE-/- (Piedrahita 

et al., 1992) or LDLR-/- mice models (Ishibashi et al., 1994). Previous studies 

demonstrated that inhibiting PCSK9 function has a minimal atheroprotective effect 

either with LDLR−/− or apoE−/− background (Ason et al., 2014). In addition, no 

differences or very low impact on aortic cholesterol ester accumulation was found 

by knockout or overexpression of PCSK9 in LDLR or apoE deficient mice (Denis et 

al., 2012). Therefore, both apoE and LDLR genes play critical roles in the PCSK9 

mode of action. ApoE*3-Leiden (E3L). Cholesteryl ester transfer protein (CETP) 

transgenic mice provide an alternative model. In this model, using a monoclonal 

antibody against PCSK9 (Alirocumab, Sanofi & Regeneron) has shown 

atheroprotective effects (Kühnast et al., 2014). Although E3L.CETP mice express 

both LDLR and apoE genes; they have limited accessibility and need several time-

consuming and costly backcrosses. The scarcity of a suitable atherosclerosis murine 

model for studying the effect of PCSK9 inhibition prompted us to establish and 

evaluate other genetically modified mice models. 
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To overcome the limitations of current mice models, we aimed to develop an 

easily accessible model to study the PCSK9 role in atherosclerosis. We evaluated 

atherosclerotic plaque formation in ATX [LDLR-/-; Tg (apoB+/+)] mice fed either a 

chow diet or a Western-type diet (WTD) and compared them with our developed 

ATX-HZ [LDLR-/+; Tg (apoB-/+)] mice fed a WTD, and C57BL/6 mice overexpressing 

PCSK9 gain-of-function mutation (D377Y) (AAV8-Teton-PCSK9D377Y) fed a WTD. 

 To modulate PCSK9 expression, we tested the use of Short hairpin RNA 

(shRNA) against PCSK9 in mice overexpressing PCSK9D377Y, and the use of the 

Tet-on system to induce and then block PCSK9D377Y overexpression in C57BL/6 

mice. Lastly, we assessed the efficiency of each model in PCSK9 gene modulation, 

cholesterol regulation, and atherosclerotic plaque regression. 

3.3 Experimental procedures 

 Animals and diets 

ATX [LDLR-/-; Tg (human apoB+/+)] mice which are hybrids of the 129Sv/Ev, 

C57BL/6, and SJL strains, were obtained from the Eric Thorin laboratory (Institut de 

Cardiologie de Montreal, QC, Canada). They were divided into two groups; the first 

group fed a normal (chow) diet and kept for ~36 weeks of age. The second group of 

ATX mice fed a WTD (34% sugar, 21% fat, and 0.2% cholesterol) for 11-15 weeks, 

and kept for ~30 weeks of age. 

ATX-HZ mice were produced by breeding four 8-week old C57Bl/6 females 

with four 8-week old ATX male mice. Five ATX-HZ pups were obtained from each 

breeding. Mice were weaned at 3 to 4 weeks of age and fed a WTD for 29 weeks to 
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develop atherosclerotic plaques rich in foam cells (~50% macrophage content). 

C57BL/6 mice (8-week old) from Charles River Laboratories (Montreal, Quebec) 

were used to generate AAV-PCSK9D377Y mice. Briefly, C57BL/6 mice were 

intravenously injected with 1.66*1011 genome copies of a viral vector (rAAV8) 

expressing hPCSK9D377Y and then fed a WTD for 12-13 weeks. 

To study the effect of PCSK9 absence on aortic plaque regression, an aortic 

transplantation technique was tried. The abdominal aorta of donor ATX mice was 

perfused with chilled heparinized-saline and a 10–15 mm segment of donor 

descending abdominal aorta was taken. Age-and sex-matched PCSK9-/- mice were 

used as a recipient mouse, and its abdominal aorta was proximally and distally 

clamped and transected. A tube graft of the aorta part of the donor mice was inserted 

into the recipient mice; an end-to-end microsurgical anastomosis was done by an 

11-0 monofilament nylon sutures (Ethicon, Somerville, New Jersey). The abdominal 

wall was closed by 7-0 prolene sutures. The handling time of complete grafting 

procedure was around 50–70 minutes. One week post-surgery, the recipient animals 

were sacrificed by exsanguination under anesthesia. Formation of atherosclerotic 

lesions in the abdominal aorta of donor mice and the viability of the mice after 

transplantation was assessed in a pilot experiment. 

For PCSK9 downregulation following its overexpression, either 1.66 x 1011 

genome copies of AAV8 expressing shRNA against PCSK9 or TetOn 

inducible/reversible system were used. TetOn inducible/reversible system requires 

simultaneous microinjection of two individual viral constructs (AAV8-EF1a-rtTA and 

AAV8-mCMV-hPCSK9D377Y). The same day of virus injection, inducing agent Doxycyclin 

(Dox; 1 mg/ml; Sigma D-9891) was added to the mouse drinking water. Adding DOX (1 
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mg/ml) to the drinking water leads to binding of rtTA to tetO sequences, which in turn 

activates mCMV-PCSK9D377Y gene transcription and reaches to its maximal induction 

level within 2-weeks. Drinking water was supplemented with DOX, kept in the dark, and 

changed every three days. To prevent PCSK9D377Y transcription, DOX was removed 

from drinking water. In the absence of DOX, rtTA does not bind or binds weakly to tetO 

sequences; thus, the targeted gene (PCSK9D377Y) is no longer transcribed. 

All mice were kept in a conventional, non-germ-free animal house with free 

access to food and water (Table 3.1). All animal care and experimental procedures 

were approved by the animal care committee of the Institut de Cardiologie de 

Montreal. 

 

Table 3.1 Mice body weight, age and duration of WTD in different groups of 
mice* 

Genotype WT PCSK9D377Y ATX ATX-HZ 

Diet type Chow WTD Chow WTD WTD 

Diet duration (wks) 8 12-13 36 11-15 29 

Age (wks) 8 21 36 30 32 

Weight (g) 23 41 35 40 46 

* From each genotype,six male mice were compared. WT: C57Bl/6 mice fed a chow diet (8 weeks 

old). AAV-PCSK9D377Y: C57Bl/6 mice that were injected with AAV-PCSK9D377Y at eight weeks of age 

and fed WTD for 12-13 weeks post-virus injection. ATX: ATX mice fed a chow diet (36 weeks old) or 

WTD (30 weeks old) for 11-15 weeks. ATX-HZ mice fed WTD for 29 weeks (32 weeks old), 

Cell Culture and cDNA transfection 

The AML12 (alpha mouse liver 12) mouse hepatocytes were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM/F-12; Gibco) containing insulin, transferrin, 
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selenium (ITS; Gibco) and dexamethasone (DEX) (40 ng/ml; Sigma) in a 5% CO2  

atmosphere at 37 °C. Cells were used at about 70-90% confluency, and 

approximately 120,000 AML-12 cells were plated in 12-well culture plates. To test 

the efficiency of different shRNA sequences against PCSK9 (Kysenius et al., 2012), 

AML-12 cells were transiently transfected with shRNA-cassettes using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. These protein samples 

were extracted from cells 48-hours post-transfection and subjected to SDS/PAGE for 

immunoblot analysis. 

PCSK9 immunoprecipitation 

To detect the level of plasma PCSK9 in a wild-type mouse, 40 µl of plasma 

was mixed with 40 μl of protein A/G agarose beads (catalog no. sc-2003, Santa Cruz 

Biotechnology, Inc.) and 1 μg of anti-mPCSK9 antibody. After incubation, samples 

were centrifuged at 2500 rpm for 5 min at 4°C, and the beads were washed by 

resuspension in cell lysis buffer three times and centrifugation. After the last wash, 

the immunoprecipitated proteins were eluted in 50 μl of sample loading buffer and 

heated at 95 °C for 5 min before western blotting. 

Plasmid and viral production 

A viral vector in serotype eight capsids (rAAV8) with efficient liver-specific 

(HCR/apoE-hAAT) promoter was constructed to encode GOF mutation form of 

murine PCSK9D377Y. For replacement of TRE pTight by TRE 3G in backbone plasmid 

pAAV-TRE-HTG (Addgene 27437), the TRE 3G seq flanked by 5’MluI and 3’EcoRI 
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sites was cloned in a plasmid pMK-RQ-Bb. An intermediate clone was generated by 

purification and ligation of both vector and insert (TRE3G) digested MluI and EcoRI.  

The shRNAs sequence against PCSK9 was F12:5'-

TTCTGGTGGCAGTGGACATGG-3' and G2: 5'-TTGGTAGAGAAGTGGATCAGC-3' 

(Kysenius et al., 2012) and the sequence of control shRNA (Scramble) was taken 

from addgene (plasmid 1864). Mature antisenses were generated by PCR. Briefly, 

single-stranded cDNAs containing different shRNA flanked by HindIII and BamHI 

sites and two linkers were purchased from IDT (Integrated DNA Technologies,IA, 

USA) and amplified by PCR using forward (fwd: 5’ TAACCCTCACTAAAGGGACTC) 

and reverse (rev: 5’ TAATACGACTCACTATAGGGCTC) linker primers. Double-

stranded amplicons were digested with the two restriction sites, gel purified and 

ligated in pU6 ITR (graceful donation from Dr. N. Bousette) followed by the 

transformation in Stbl3 bacteria.  

To obtain pAAV hEF1 alpha prom Tet-on 3G: two individual viral constructs, 

1) a transcription regulatory unit linked to EF1alpha promoter (AAV8-EF1a-rtTA), 

which is a mutant Tet repressor fused to VP16 to form rtTA (transcription activator), 

and 2) the responsive element tet operator (tetO) sequences linked to a minimal 

CMV promoter-driven target gene (AAV8-mCMV-hPCSK9D377Y) were produced. 

Two viral constructs for the TetOn inducible/Reversible system were used. 1) 

Replacement of HTG by Tet on 3G (Clonetech) in plasmid pAAV-TRE-HTG 

(Addgene 27437): Minimal CMV Tet-on 3G sequence (clonetech) flanked by 5’ 

EcoRI and 3’BglII was synthesized (Generate themofisher) and cloned in vector 

backbone (pMK-RQ; kanR). The clone was cut using both restriction sites, and the 

purified insert was ligated in pAAV-TRE-HTG vector (using same restriction 
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enzymes for linearization). This, in turn, resulted in pAAV TRE3G Tet-on 3G 

formation (an intermediate clone). 2) Replacement of TRE3G with EF1alpha 

promoter: EF1alpha promoter was generated by PCR using pEF GFP (Addgene 

11154) as a template and primers forward 

5’TATACGCGTGACTAGATCATCGCGTGAGGC and reverse 

5’GGGCACCACCCCGGTGAACA. An amplicon (1303 bps) was cloned in pDrive 

(Qiagen) for sequencing purpose. Intermediate pAAV TRE3G tet on 3G vector was 

digested at MluI and EcoRI sites, gel purified and ligated with pDrive EF1alpha insert 

at the same restriction sites of the vector and gel purified. All used clones were 

confirmed by sequencing and purified by Maxiprep (Qiagen, Catalog No. D4202).  

AAV vector production 

Human embryonic kidney 293T (HEK293T) cells were cultivated in complete 

DMEM without sodium pyruvate (catalog no. 319-015-CL, Wisent) containing 10% 

fetal bovine serum (FBS; catalog no. 080-350, Wisent). HEK293T cells were plated 

into 16 X100-mm culture plates (5.0x106 cells)  to reach 70–80% confluence on the 

day of transfection for virus production. Cells were co-transfected with a mixture of 

plasmids using linear polyethylenimine (PEI) MW 25,000 (PEI; 46 µl/plate, Cat 

No.23966, Polysciences) to produce AAV serotype eight vectors.  The plasmids 

mixture contained packaging plasmid PDG8 (8.6 µg/plate) (Grimm and Kleinschmidt, 

1999) and constructed plasmid(s) (2.9 µg/plate). Three days after transfection, cells 

were harvested and pelleted by centrifugation (1140 g for 10 min at room 

temperature). The cells were resuspended in 4.5 ml of lysis buffer (50 mM Tris, 150 

mM NaCl, pH 8.5) and the virus was released from the cells by three rounds of freeze 
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and thaw in ethanol/dry ice bath for 5 min and 37°C water bath for 2 min, 

respectively. Crude lysates were treated with 250 units of Benzonase nuclease 

(Sigma, E1014-5KU) and 1mM MgCl2 to each ml of lysate, and the mix was 

incubated for 45 min at 37°C. After pelleting the cell debris for 20 min at 6000 g, the 

supernatant was used for further purification.  

An iodixanol step density gradient was prepared as described previously 

(Zolotukhin et al., 1999) with slight modifications: Briefly, 60% iodixanol (OptiPrep; 

Sigma D1556) was diluted to 40, and 25% in 5X PBS-MK (5X PBS, 5 mM MgCl2,12.5 

mM KCl). To distinguish of the phase boundaries within the gradients, 2.5 µl of 0.5% 

phenol red (Bioshop PHE600.5/5g) was added per milliliter of 25 and 60% iodixanol. 

One milliliter of 60, 40, and 25 % iodixanol solutions was successively underlaid in 

a 5-ml Beckman ultracentrifuge tube (catalog No# 326819), and 1.5 to 2 ml of the 

processed cell lysate was gently overlaid onto the gradients and centrifuged in a 

55Ti rotor for 3 hr at 33,000 rpm at 4 ͦC. After centrifugation, the tubes were 

punctured between 60 and 40% interphase (bottom and middle layers), using an 18-

gauge needle, to collect ~1-ml/tube of the fraction containing the virus. A pool of 

collected iodixanol containing virus was diluted with PBS-0.001% Tween 20 to reach 

a total volume of 15 ml and concentrated to ~1 ml by passage through Amicon Ultra-

15 centrifugal filter unit (MWCO, 100kDa; Merck Millipore). The concentrator was 

filled up to 10 ml to concentrate the virus again to 1 ml. This step was repeated two 

more times. Viral titers in terms of viral genomes (VG)/ml were determined by Real-

Time qPCR with four different dilutions of the virus relative to standards using primer 

pairs in Table 3.2. 
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Table 3.2 Oligonucleotides used for quantitative PCR 

Gene Primer Sequences (5’3’) 

Mouse PCSK9  
F: TGCAAAATCAAGGAGCATGGG 

R: CAGGGAGCACATTGCATCC 

BGH 
F: TGCCTTCCTTGACCCT  

R: CAGGGAGCACATTGCATCC 

Animal euthanasia and dissection 

Mice were anesthetized by inhalation of 2% isoflurane and oxygen flow of 0.8 

liters/minute in the induction chamber. Blood was taken using a 21-gauge needle 

mounted on a 1-mL syringe. Liver tissues were dissected, snap-frozen in liquid 

nitrogen, and stored at −80 °C. Aortas were dissected from the heart down to the 

iliac branches, and further removal of the adventitia was performed under a 

microscope.  

Analysis of plasma PCSK9 and lipoprotein profile 

Blood samples were collected into tubes containing EDTA. Plasma was 

isolated by centrifugation at 3000 ×g for 15 min and stored at -80°C. Mouse plasma 

PCSK9 concentration was determined using an ELISA kit (Cyclex Co, #CY-8078, 

Japan). Total cholesterol and LDL cholesterol levels were measured using a 

colorimetric enzymatic assay (Wako Pure Chemical Industries, Osaka, Japan) 

according to the manufacturer’s protocol. A pooled plasma sample from six mice of 

each genotype (100 µl) was subjected to fast performance liquid chromatography 

(FPLC) for lipoprotein analysis, and 54 fractions (300 µl each) were collected. 

Superose 6 column of FPLC gel filtration (flow rate of 0.5 ml/min) was used for 
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separating of plasma lipoprotein fractions. Fifty-two fractions (300 µl each) were 

collected, and cholesterol content was eluted and measured in each fraction (100 µl 

from each fraction) using the fluorometric enzyme assays (Horton et al., 1999).  

Quantification of atherosclerotic lesions on the whole aorta (En Face) and 

cross-sectional quantification of the aortic root 

 The upper part of the heart was separated from the ascending aorta, excised 

and pinned-out from the aortic arch to the iliac bifurcation. Heart and pinned-out 

aorta were fixed with 4% paraformaldehyde (PFA) in PBS for 1 to 3 days and then 

aortas were stained for 1 hour with a solution of 0.7% oil red O (Sigma-Aldrich), 

which followed by aorta counterstaining using 0.05% Nuclear Fast Green (Sigma-

Aldrich, F7258) to optimize contrast. Images were captured using a Digital Camera 

(MC170 HD, Leica Microsystem). Image-Pro premier 9.2 (Media Cybernetics, Inc, 

Rockville, MD) was used to quantify atherosclerotic lesions from the aortic root down 

to the iliac artery bifurcation. 

The heart was embedded in paraffin and sliced into 10-µm sections from the 

beginning of the valves to the aortic root (420 µm). Plaque analysis was performed 

using hematoxylin-phloxine-saffron (HPS) staining. Afterward, the sections were 

placed under a microscope, and images were captured by a trained observer who 

was blinded to mouse genotypes and treatments. Atherosclerosis lesions 

were quantified using Image-Pro Premier 9.2. 

Western Blot Analysis 
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Cells or piece of the mouse liver was homogenized with ice-cold Ripa buffer 

(50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.1% (v/v)  SDS,  1% (v/v) Nonidet P40, 

and 0.5% sodium deoxycholate) containing protease inhibitor mixture (Roche 

Applied Science). Samples were then centrifuged at 13,000 g at 4°C for 15 min. The 

concentration of each sample was determined using a Bradford assay. Protein 

samples were then diluted with standard loading buffer (6X Laemmli) and dH2O and 

then mixed and heated at 95°C for 5 minutes. Prepared samples (60 μg) and 

molecular weight marker (Invitrogen) were resolved on 8% SDS-polyacrylamide 

gels. Proteins were separated for one h at 175 V at room temperature and 

transferred to a nitrocellulose membrane for two h (100 V, 4 °C). Nitrocellulose 

membrane was blocked for 1 h at room temperature in 5% blocking buffer (10 

mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 0.1% Tween-20 (TBST) containing 5% 

skimmed milk). After blocking, membranes were probed with goat anti-mouse LDLR 

(1:1000; catalog no. A2255, R&D Systems), goat anti-mouse/human-Albumin 

(1:6000; catalog no. AF3329, R&D system), rabbit anti-mPCSK9 (1:3000; in-house 

or catalog no. AF3985, R&D system) or rabbit anti-actin (1:5000; catalog no. A2066, 

Sigma-Aldrich) primary antibodies in TBST-1% milk overnight at room temperature. 

Albumin and actin were used to confirm equal loading. Then, the blots were washed 

three times (10 min each) with TBST. After washing, blots were incubated for 1h with 

corresponding HRP-conjugated secondary antibodies (1:10,000), washed in TBST 

(3 times, 10 min each), developed with ECL reagent and exposed to x-ray films. 

Band intensities were determined and quantified by Image J software (NIH).  

Statistical analysis 



171 
 

GraphPad Prism Version 5 (Prism Software, Inc., La Jolla, CA, USA) was 

used to assess statistical significance for PCSK9, T-cholesterol, and aortic lesion 

area measurements. Unpaired two-tail Student’s t-test was used to compare 

between two groups with unequal variances, and P values were determined.  

Significance was set at P < 0.05 for all tests. Significant effects are indicated by * for 

comparison between the specified groups. Mean values in each group of different 

experiments were determined and given as mean ± SD. All reported replicates were 

biological replicates or pooled samples from biological replicates. N indicates the 

number of mice. Error bars represent SD in all figures. LDLR level of the indicated 

genotypes was quantified using Image J software (NIH). Histology pictures were 

quantified by a blind person to our experimental groups. 

3.4 Results 

ATX-HZ mice did not develop atherosclerotic plaque in the aortic root 

regardless of high plasma level of LDL-C 

ATX mice fed a chow diet showed high levels of cholesterol in plasma, mainly 

accumulated in the LDL fraction and low plasma levels of HDL-C (Figure 3.1A-B). 

To study plaque formation, the histochemical analysis was performed. HPS and en 

face oil Red O staining were used in a subset of animals from each genotypic group 

to study lesion development in the aortic root or elongated aortas. Lesions appear 

to be localized to the root of the aorta in association with the aortic valves in the 

absence of both alleles of LDLR (Figure 3.1C). Moreover, atherosclerotic lesions 

were visible in en face aortas of ATX mice (Figure 3.1D). 
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Thus, according to our results (Figure 3.1A-D) and previous reports (Sanan 

et al., 1998), ATX mice were highly susceptible to atherosclerosis when fed a 

standard chow diet. To determine if this susceptibility to atherosclerosis is preserved 

in human apoB transgenic mice lacking one allele of LDLR, C57Bl/6 female mice (8 

weeks old) were bred with age-matched ATX males. To 

accelerate lesion development, generated ATX-HZ mice were fed WTD after the 

weaning period. Formation of atherosclerotic plaques was assessed in ATX-HZ mice 

fed WTD (29 weeks) and compared with ATX mice with and without consuming 

WTD.  

Separation of plasma lipoproteins by FPLC confirmed that lacking one allele 

of LDLR in ATX-HZ mice results in a dramatic increase in the LDL cholesterol 

content and a decrease in the cholesterol of the HDL fraction compared to wild-type 

(WT) mice (Figure 3.1F). However, no plaque was formed neither in the aortic root 

(Figure 3.1G) nor in the entire aorta (Figure 3.1H) of ATX-HZ mice after 29 weeks of 

exposure to WTD.  

Our FPLC analysis from pooled plasma of ATX mice fed WTD (Figure 3.1I) 

demonstrated a dramatic increase in plasma level of VLDL (Figure 3.1J). Oil Red O 

staining displayed the extent of lesion formation in the entire aorta of ATX fed WTD 

mice (Figure 3.1K). Representative examples are taken from the mid-range of aortic 

involvement with plaque formation in each genotype.  

AAV-PCSK9D377Y overexpression induced hyperlipidemia and atherosclerotic 

lesions 
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Then, we attempted to develop an atherosclerosis mice model using a single 

tail-vein injection of a recombinant adeno-associated virus serotype-8 expressing 

PCSK9D377Y (5×1011 viral particles) into eight weeks old C57Bl/6 mice fed a Western-

type diet for 12-13 weeks (Figure 3.2A). Our results demonstrated a constant 

increase of PCSK9D377Y in mouse plasma during 13 weeks post virus injection 

(Figure 3.2B). PCSK9 overexpression led to an increase in the plasma level of LDL, 

which remained stable at all post-injection times that were analyzed (Figure 3.2C). 

Total plasma cholesterol in mice was highly increased (p<0.01) after eight-weeks 

post-virus injection (~500 versus 120 mg/dl), which continued to increase (p<0.05, 

~700 mg/dl) in 21-weeks old mice (Figure 3.2D). As expected from the increase in 

the level of total cholesterol and increase in the level of LDL in plasma, high level of 

VLDL and LDL were observed in relevant FPLC fractions from the pooled plasma of 

21-weeks old treated mice (Figure 3.2E).  

We compared plaque size in the aortic root of C57BL/6 mice fed WTD at 8 

and 13 weeks post virus injection. PCSK9D377Y overexpression in C57BL/6 mice 

resulted in atheroma plaques development at 16-weeks old mice, which was further 

increased in 21-weeks old mice (Figure 3.2F).  For detection of neutral lipids on the 

entire aorta of 21-weeks old mice, en face Oil Red O staining was performed. The 

appearance of no plaque in the whole aorta demonstrated lesion formation requires 

a more extended period of PCSK9 overexpression in C57Bl/6-WTD fed mice (Figure 

3.2G).  Different slices of aortic root were prepared and used for plaque cross-

sectional area quantification. Quantification analysis showed a significant (P value< 

0.01) increase (about six-fold) in plaque area in 21-weeks old mice compared with 

16-weeks old mice (~40 vs. ~250 mm2) (Figure 3.2H).  



174 
 

Comparison of different atherosclerosis mice models 

Six male mice in each group of the following 4 genotypes were compared: 1) 

ATX mice fed chow diet (36 weeks old), 2) ATX-HZ mice fed WTD for 29 weeks (32 

weeks old), 3) ATX mice fed WTD for 11-15 weeks (30 weeks old), and 4) C57Bl/6 

mice that were injected with AAV-PCSK9D377Y at 8 weeks of age and fed WTD for 

12-13 weeks post-virus injection. Also, C57Bl/6 (WT) mice fed a chow diet (8 weeks 

old) was used in some analysis as a control (Table 3.1).  

The genotype of each group of mice and the efficiency of AAV-PCSK9D377Y 

injection for LDLR degradation were confirmed with WB analysis using anti-mouse 

LDLR antibody (1:1000; catalog no. A2255, R&D Systems). Injection of AAV-

PCSK9D377Y led to degradation of almost all LDL receptors in mouse liver compared 

to ATX-HZ (p< 0.05) and WT mice. No LDLR was detected in ATX mice (Figure 

3.3A-B). A plasma level of PCSK9 was significantly higher in mice that were injected 

with AAV-PCSK9D377Y compared with all other groups. In addition, the absence of 

LDLR in ATX mice led to more PCSK9 accumulation in plasma compare to ATX-HZ 

mice (p< 0.05). No difference in plasma level of PCSK9 was observed between ATX 

mice fed either chow or WTD (Figure 3.3C).  

The mean level of plasma cholesterol in the ATX mice fed WTD was 

significantly (p<0.01) higher than all other groups. ATX mice-fed WTD demonstrated 

2.5-fold higher level of total cholesterol in plasma than ATX mice-fed with chow diet. 

Circulatory level of cholesterol in AAV-PCSK9D377Y transduced mice was similar to 

the ATX mice fed chow diet, while it was significantly (p<0.01) higher than plasma 

cholesterol level in the ATX-HZ mice. The expression of one allele of LDLR in the 
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ATX-HZ mice fed WTD led to a 4-fold decrease (p< 0.01) in the level of plasma 

cholesterol compared to the ATX mice fed WTD (3.3D).  

To examine the efficiency of ATX-HZ and AAV-PCSK9D377Y mice on the 

development of atherosclerosis plaques, plaque volume in the aortic root of mice 

was analyzed and compared with the same analysis in known atherosclerosis mice 

model (ATX mice). Our results confirmed that 36 weeks old chow-fed ATX mice 

develop large atherosclerotic lesions in aortic root (Figure 3.3E) as well as in whole 

aorta surface (Figure 3.3F). Our quantifications of aortic lesion area indicated higher 

(p<0.05) level of plaques in the aortic root of AAV-PCSK9D377Y injected mice 

compared to chow-fed ATX mice (189908 vs. 66484 µm2) (Figure 3E). The ATX-HZ 

mice had no plaques either in the aortic root or in the entire aorta (Figure 3E-F).  

Effect of PCSK9 deficiency on atherosclerosis plaque formation 

To investigate the effect of PCSK9 gene deficiency in slowing down the 

progression of atherosclerosis, various approaches were tested. We initially 

proposed to transplant a segment of abdominal aorta containing plaques from 

hyperlipidemic ATX mice into PCSK9-/- mice. Atherosclerosis ATX mice have been 

described previously (Sanan et al., 1998) as well as in our study. The results of our 

pilot study demonstrated that abdominal transplantation and grafting procedure were 

successfully carried out, and animals were alive one week after transplantation. 

However, the level of developed plaques in the segment of the abdominal aorta of 

donor mice was not sufficient to study plaque regression after transplantation. The 

atherosclerosis plaques in the abdominal aorta of 36-weeks old ATX mice fed chow-

diet and 30-weeks old fed WTD for 15-weeks were quantified (Supplementary Fig 
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3.1). Thus, we evaluated two other alternative approaches, shRNA against PCSK9 

and TetOn inducible/reversible system, to study the effect of reduction in plasma 

level of PCSK9 on atherosclerosis disease. Although shPCSK9 was efficient to 

reduce the level of PCSK9 in mouse hepatocytes (AML-12 cells) and plasma of wild-

type mice, it was not effective in reducing the extremely elevated plasma level of 

PCSK9 after 15-weeks of PCSK9 overexpression. 

The efficiency of the autoregulated Tet-inducible system in PCSK9 

overexpression and atherosclerotic plaque formation, as well as its reversible effect 

on preventing of PCSK9 overexpression and plaque regression, was examined. 

First, we tested PCSK9 overexpression after intravenous administration of AAV8 

vectors. The expression of PCSK9D377Y fused CMV minimal (CMVm) promoter linked 

to tetO sequences was under the control of the transcription regulatory unit (a mutant 

Tet repressor fused to VP16) linked to EF1alpha promoter. Absence or presence of 

DOX inducing agent in mice drinking water prevents or induces PCSK9D377Y 

transcription by regulating rtTA interaction with tetO sequences. Schematic of AAV8 

vectors and their function in Dox-inducible/reversible system is presented in Fig 

3.4A.  

In a first longitudinal study, both AAV8 vectors (AAV8-EF1a-rtTA and AAV8-

mCMV- PCSK9D377Y were simultaneously injected in six 8-weeks old C57BL/6 mice. 

DOX (1 mg/ml) was added to mice drinking water on the same day. In the 

progression group, drinking water was supplemented with DOX throughout the 

experiment (17 weeks). In the regression group, DOX was removed from the drinking 

water of 10-weeks old mice for two weeks. After that, the water of 12-weeks old mice 

was supplemented with DOX again for 8-more weeks. All six mice fed WTD from the 
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age of 12-weeks and sacrificed at 25-weeks (Fig 3.4B). Our results demonstrated 

that Dox-inducible system was sufficient to reduce the overexpressed level of 

PCSK9 to background values within two weeks. These cycles of activation and 

inactivation of the PCSK9 gene expression by switching gene expression on and off 

was repeated one more time with the same animals. The outcome of our study 

demonstrated abolished level of PCSK9 in mouse plasma was fully restored and 

remained constant for 8-weeks upon supplying the animals drinking water with DOX 

(1 mg/ml). However, withdrawal of the antibiotic for the second time did not reduce 

plasma level of PCSK9 further (Figure 3.4C).  

Visualization of the lipoprotein profile by chromatography analysis from the 

pooled plasma of three mice in each group showed that activation of PCSK9 

expression in 8-weeks old mice in the progression group strongly increased the 

plasma level of LDL-C. In addition, inactivation and re-inactivation of PCSK9 gene 

expression robustly reduced level of LDL-C in plasma of 12- (Figure 3.4D) and 25-

(Figure 3.4E) weeks old mice in the regression group. Both progression and 

regression groups demonstrated similar profile in HDL particles. The lower level of 

total cholesterol in plasma of mice in the regression group prompted us to test 

whether modulation in PCSK9 expression could change the degree of 

atherosclerotic plaques in the aortic sinus. The HPS staining and quantification 

analysis demonstrated a reduction in the level of atherosclerotic plaques in the aortic 

root of two out of three mice in the regression group (Figure 3.4F).  

For the second and more comprehensive experiment, twenty-one 8-weeks 

old C57BL/6 mice were used, seven each for the baseline, continued overexpression 

of PCSK9 (progression) and reducing the overexpressed level of PCSK9 in (24-28)-
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weeks old mice in regression group. DOX was added or removed from mice drinking 

water as indicated in the schema. Mice in the baseline group were sacrificed at the 

age of 24 to 28 weeks to have a control for the level of atherosclerosis plaques to 

compare its level with the level of plaques in mice with continued PCSK9 

overexpression (progression) and downregulated level of PCSK9 (regression). Mice 

in progression and regression groups were sacrificed at the age of 30 to 34 weeks 

(Figure 3.5A). At sacrifice, the plasma level of PCSK9, plasma lipoprotein profile, 

and atherosclerotic lesions in aortic root were compared among the three 

experimental groups. The levels of the analytes showed released PCSK9 protein in 

the bloodstream highly increased 2-weeks post virus+DOX administration (data not 

are shown) and remained constant for 26-30 weeks (Figure 3.5B). Although the 

plasma level of PCSK9 was not reduced significantly upon six weeks of DOX 

withdrawal from mice drinking water, a tendency to decrease with less variation 

between animals was observed in 30-34-weeks old mice in the regression group 

(Figure 3.5B).  

Plasma lipoproteins from pooled samples in each group were separated by 

FPLC. Our results demonstrated a sharp decrease in the plasma level of LDL in the 

regression group compared to the baseline. However, no clear difference was 

observed between the lipoprotein profile of progression and regression groups 

(Figure 3.5C). This observation supported the expected association of plasma level 

of PCSK9 with LDL particles. To evaluate the effect of PCSK9 and LDL reduction on 

atherosclerotic lesion development, HPS staining in cross-sections of the aortic root 

area was performed. We then quantified the plaque volume in each section all along 

the aortic root. Representative images of HPS-stained atherosclerotic lesions in the 



179 
 

aortic root area (Figure 3.5E) and quantification analysis (Figure 3.5F)  demonstrated 

a similar level of plaques in the aortic root of baseline and regression groups, though 

mice in regression group consumed WTD for six weeks more than baseline.  

3.5 Discussion 

The goal of this study is to develop a practical, fast, and low-cost methodology 

to understand the association between PCSK9 gene downregulation and 

atherosclerotic lesion development. In this study, we developed a tetracycline-

inducible AAV8 vector expressing GOF mutant form of mouse PCSK9D377Y (AAV8-

tetON- PCSK9D377Y) in mice, and DOX (1 mg/ml) in the drinking water. We found that 

1 mg/ml DOX promotes a significant increase in PCSK9D377Y expression levels and 

induces atherosclerosis in mice fed WTD for 17 weeks. In the absence of DOX, the 

level of all circulating lipoproteins and the number of plaques in the aortic root were 

reduced.  

Knockout or overexpression of PCSK9 in most common atherosclerosis mice 

models, LDLR-/- or apoE-/-, has shown no difference or shallow impact on aortic 

cholesterol ester accumulation (Denis et al., 2012). Also, PCSK9 deficiency in mice 

with LDLR and apoE knockout background resulted in a minimal atheroprotective 

effect (Ason et al., 2014). E3L.CETP mice is another model developed for studying 

atherosclerosis disease (Westerterp et al., 2006). Inhibiting PCSK9 by a monoclonal 

antibody (Alirocumab) in E3L.CETP model led to atheroprotective effects (Kühnast 

et al., 2014). In summary, lack of LDLR and apoE in LDLR-/- or apoE-/- mice models, 

limited accessibility of E3L.CETP mice and the high cost of monoclonal antibodies 

pose potential limitations for studying the effect of PCSK9 inhibition on reducing the 
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atherosclerotic lesions. Thus, development of a novel strategy for studying the 

association between PCSK9 absence/reduction and atherosclerotic lesions is highly 

valuable. 

It has been reported that ATX mice develop extensive and complex 

atherosclerotic lesions without using any type of high cholesterol/fat diet (Sanan et 

al., 1998). Thus, we asked whether transplanting a segment of the abdominal aorta, 

containing atherosclerotic lesions of ATX mice to PCSK9-/- mice would be a potential 

approach for this study. The data of our pilot study demonstrated that ATX mice fed 

either a chow diet (36 wks) or a high-fat diet (11 to 15 wks) do not develop sufficient 

percentage of plaques in the abdominal aorta. Since transplantation of the 

abdominal aorta to the aortic arch is preferred due to difficulties in ligation of 

branches such as the carotid and subclavian arteries in the aortic arch, we concluded 

that these mice are not an appropriate transplantation model for studies on 

regression of atherosclerotic lesions. 

We then evaluated the development of atherosclerosis plaques in ATX-HZ 

mice. Unexpectedly, our results demonstrated that ATX-HZ mice do not display 

apparent atherosclerotic lesion formation either in the aortic root or in the entire aorta 

even after 29 weeks consuming WTD. Our result indicates that only one allele of 

LDLR is sufficient to protect mice against atherosclerosis.  

As an alternative approach, we induced atherosclerosis by a single AAV8–

mediated transfer of mouse PCSK9D377Y in wild-type mice fed WTD. Two recent 

studies have demonstrated that transfer of AAV expressing GOF mutant form of 

either mouse PCSK9D377Y (Bjoerklund et al., 2014b) or human PCSK9D374Y (Roche-

Molina et al., 2015a) induced and sustained atherosclerosis lesions in aortic roots of 
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high-fat diet fed wild-type mice. Our results demonstrated that downregulation of 

PCSK9 using an shRNA against PCSK9 in this model was not efficient despite its 

high efficiency in PCSK9 gene downregulation in wild-type mice. A possible 

explanation may be that the AAV8 binding site on its receptor was already occupied 

by the first virus injection because we also used AAV8 for PCSK9 overexpression 

and re-injected the same animals with AAV8-shRNA for PCSK9 downregulation. 

AAV is a non-pathogenic virus (Nakai et al., 2005) and considered as a 

promising delivery system in gene therapy due to their safety, lack of toxicity and 

rare immune response (Ratko et al., 2003). AAVs are practical tools for long-term 

modulation of gene expression and can be preferentially targeted to different organs 

by replacing capsids among different AAV serotypes. AAV8 has been reported to 

have higher transfection efficiency in the liver compared with other AAV serotypes 

(Gao et al., 2005; Nakai et al., 2005). The receptor of AAV8 in host hepatocytes is 

known as the laminin receptor (LamR) (Akache et al., 2006).  A single injection of 

recombinant AAV8 can result in long-term hepatic expression of a transgenic protein 

or shRNA without toxicity in mice (Ho et al., 2008).  

AAV8-PCSK9D377Y mice can speed discoveries in studying the effect of 

PCSK9 on atherosclerosis disease due to the presence of both apoE and LDLR 

genes as well as its easy accessibility by avoiding time-consuming and costly 

crossing of mouse strains with different genetic backgrounds. Thus, we established 

AAV8-mediated atherosclerosis in C57Bl/6 mice overexpressing PCSK9D377Y 

adapted from DOX-inducible TetOn system (AAV8-tetON- PCSK9D377Y) to regulate 

PCSK9 expression activity. In TetOn system, mutant reverse transactivators (rtTAs) 
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bind to the TRE in the presence of DOX to drive transgene expression, which does 

not occur in the absence of DOX (Gossen and Bujard, 1995). 

In a proof-of-principle study, we found that inducible Tet system was an 

effective methodology for PCSK9D377Y overexpression, which resulted in 

atherosclerotic plaque formation after 17 weeks in WTD fed mice (progression 

group). In light of the observed high efficiencies of inducible Tet system in PCSK9 

overexpression, we assessed whether reversible Tet system could be used to 

downregulate PCSK9 gene expression (regression group) in the developed 

atherosclerosis mice model. Both groups were sacrificed at 25 weeks old. 

Quantification of atherosclerotic plaques in aortic root demonstrated that mice in the 

progression group (+DOX) had ~4-fold higher level of plaques compared with 

baseline. Baseline and regression groups (-DOX) displayed similar levels of 

atherosclerotic plaques in aortic roots. Our results illustrated the capability of the Tet-

inducible system in gaining better insights into the effect of PCSK9 gene 

downregulation on atherosclerosis disease. However, long-term exposure to DOX 

increased the variations in plasma level of PCSK9 between different animals, which 

thus requires having more mice in each group to overcome this limitation. 

A possible reason that we did not detect any change in PCSK9 level after 

removing DOX from water (Fig 3.5B) may be related to PCSK9 turnover. LDLR is 

the main regulator for PCSK9 turnover. Under normal conditions, PCSK9 shows a 

very rapid turnover, with an estimated half-life of about 5 minutes. In the absence of 

LDLR, the PCSK9 half-life is about 3 to 10 times over normal (Grefhorst et al., 2008). 

We confirmed the efficiency of DOX inducible system in reducing the overexpressed 

level of PCSK9 after two weeks washout. However, under the condition of our study, 
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an extremely high level of PCSK9 during 24-28 weeks over-expression may result 

in all LDLRs degradation and increased PCSK9 half-life. Therefore, a longer 

washout period after PCSK9 overexpression may help to see the difference in 

PCSK9 clearance. 

To quantify the enormous increase in PCSK9 level in plasma, a very high 

dilution of plasma was required. This might affect the efficiency and accuracy of the 

ELISA kit to quantify the actual concentration of PCSK9. The reason that there is a 

decrease in plasma level of LDL in both progression and regression groups 

compared to the baseline (figure 3.5C) might be explained by the potential resistance 

to DOX in mice after long exposure to it. Therefore the actual level of PCSK9 was 

not increased anymore (figure 3.5B). Also, ELISA does not distinguish between the 

cleaved and uncleaved form of PCSK9. Although autocleavage of endogenous 

PCSK9 is required for its secretion, we assumed that long-term consuming DOX (24-

28 weeks) might induce secretion of the uncleaved form of overexpressed PCSK9. 

Uncleaved form of PCSK9 is unable to degrade LDLR (McNutt et al. 2007), leading 

to more LDL clearance in both experimental groups (figure 3.5C). Another reason 

that PCSK9 was not reduced in the regression group when DOX was removed from 

water may be related to the inhalation of DOX by animals (Tata et al., 2013). 

Although the addition of DOX to the water was stopped in the regression group, they 

were still in the same environment as another mouse in the progression group. We 

were adding DOX to the water of the progression group every 2-3 days. Finally, long-

term DOX exposure induced high variation in PCSK9 protein, and consequently, 

cholesterol levels between animals in the progression group. This might be due to 

the different level of water consumption among animals. Thus, increasing the 
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number of animals in each group could help us to see a more clear difference 

between our experimental groups. 

Other transcription-based regulation systems that can be used in gene 

therapy vectors in animal models are Ecdysone (No et al., 1996), mifepristone/RU-

486 (Wang et al., 1994) and rapamycin (Rivera et al., 1996). Also, a translational 

regulation system was developed by Rivera et al. (2000) to control protein secretion. 

It has been reported that the Tet-inducible system and rapamycin are the most 

appropriate approaches for long-term regulatable expression (Rendahl et al., 2002). 

Also, FDA approval of DOX as a transcriptional regulator implies a lack of significant 

immune response, which is the main advantage of this system. 

To our knowledge, our results demonstrate for the first time that regulation of 

PCSK9 gene expression by DOX-inducible system directly regulates plasma level of 

cholesterol and atherosclerotic lesion size in the aortic root area. Taken together, we 

showed in our study that the C57BL/6 mice, overexpressing PCSK9D377Y in an 

inducible manner, is a useful mouse model for understanding the molecular role of 

PCSK9 on atherosclerotic plaques development. 
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   3.6 Figures 

 

Figure 3.1 Generation of a potential mouse model of atherosclerosis and its 
comparison with known atherosclerosis mice model. 

 (A) Scheme depicting ATX [LDLR-/-;Tg (apoB+/+)] mice fed a chow diet for 36 

weeks. (B) 36-weeks old ATX mice fed chow diet were sacrificed, and blood was 
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obtained. Total plasma cholesterol profiles were assayed by fast performance liquid 

chromatography (FPLC). (C) Representative images of an HPS-stained cross-

section of the aortic root area. (D) Aorta pinned out and stained with Oil Red O, which 

stains neutral lipids (red). (E) ATX-HZ [LDLR+/-; Tg (apoB+/-)] mice were produced 

by breeding four 8-week old females (C57Bl/6) with four age-matched ATX male 

mice. ATX-HZ generated mice model were fed a western-type diet for a maximum 

of 29 weeks. (F) 32 weeks old ATX-HZ mice were sacrificed, and total plasma 

cholesterol profiles were assayed by FPLC from pooled plasma of 6 mice. (G) 

Different cross-sections of the aortic root were stained with HPS. (H) Aorta pinned 

out and stained with Oil-Red-O. (I) 30-weeks old ATX mice fed WTD for 11-15 

weeks. (J) FPLC analyzes from pooled plasma of six 30-weeks old ATX mice. (K) 

Neutral lipids were stained in red with Oil-Red-O in the pinned out aorta. 
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Figure 3.2 Plasma and plaque analysis in the aortic root of C57Bl/6 mice 
injected with AAV8-mPCSK9-DY and fed a Western-type diet. 

 

 (A) Structure of the adeno-associated virus (AAV) vector encoding the mouse 

PCSK9 gain-of-function (GOF) mutant D377Y under control of the liver-specific 

HRC/apoE-hAAT promoter. Scheme depicting the methodology used to generate 
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the atherosclerosis mice model. Overexpression of PCSK9D377Y GOF mutant 

achieved through a single tail-vein injection of a recombinant AAV8. (B-D) Blood was 

obtained from 8-weeks old mice before and at equal intervals after injection. (B) 

Plasma levels of PCSK9 (C) LDL cholesterol and (D) total cholesterol. (E) Total 

plasma cholesterol profiles were assayed by FPLC in 21-weeks old mice (13-weeks 

post-virus injection). (F) Representative images of hematoxylin-phloxine-saffron 

(HPS)-stained cross-section of the aortic root area of mice fed WTD before (8 wks 

old mice), and 8- (16 wks old mice) and 13 wks (21 wks old mice) after AAV8-

mPCSK9D377Y injection. (G) Oil Red O staining of Neutral lipids in the pinned-out 

aorta of 21-weeks old mice. (H) Quantitative analysis of atherosclerotic lesion size 

in HPS-stained aortic sections at 8 and 13 weeks post AAV8-mPCSK9-DY injection. 

(*P < 0.05; **p < 0.01, ****P < 0.0001, ns=non-significant (Unpaired t-test). Data are 

presented as mean ± SD. 
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Figure 3.3 Plasma and plaque analysis of ATX, ATX-HZ, and AAV8-tetON-
PCSK9D377Y mice models. 

 

 (A) Western blot analysis of LDLR in lysates of mouse liver. Albumin was 

used as a loading control. (B) Expression of LDLR relative to the loading control 
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(Albumin) was quantified using Image J software (NIH) and expressed as percent 

relative to controls. (C) Plasma levels of mPCSK9 protein were measured by ELISA. 

(D) Plasma total cholesterol and (E) Quantification of lesion area in different cross-

sections of the aortic root (F) Plaque quantification (%) in the total aorta in different 

groups of mice (*P < 0.05; **p < 0.01, ns=non-significant (Mann-Whitney test). Data 

are presented as mean ± SD.  
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Figure 3.4 Regulation of PCSK9 gene expression using an inducible/reversible 
Tet system. 
 

 (A) Schematic representation of the mechanism of tetracycline (tet)-on 

controlled transcriptional regulation system and structure of the adeno-associated 

virus (AAV) vector encoding the mouse PCSK9D377Y under control of CMV minimal 

promoter and tet-operator (tetO) sequence. The tetracycline repressor protein (TetR) 

binds to the tetO in the presence of DOX to induce transcription of PCSK9 under 

control of the tet promoter. In contrast, in the absence of Dox, rTetR cannot bind to 

the tetO; thus, the PCSK9D377Y expression does not occur. (B) Scheme depicting the 

methodology used to evaluate the efficiency of the DOX-inducible system for 

regulating PCSK9 protein expression and atherosclerotic plaque formation by 
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overexpressing PCSK9D377Y in WTD-fed wild-type mice. (C) Plasma PCSK9 levels 

before injection of the virus in 8-weeks old mice and at 2, 4, 8, 12, and 17 weeks 

after injection. (D-E) FPLC analysis of plasma lipoprotein fractions from (D) 12-

weeks old and (E) 25-weeks old mice. Collected plasma from three wild-type mice 

in each group was pooled, size-fractionated by gel filtration chromatography using a 

superose 6 column and total cholesterol profiles were determined enzymatically in 

FPLC fractions. HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, 

very low-density lipoprotein. (F) Images represent hematoxylin–phloxine–saffron 

(HPS)-stained and quantification analysis of atherosclerotic lesions in cross-sections 

of the aortic root in 25-weeks old mice (progression and regression groups) after 17-

weeks of treatment. ***p=0.0003 (Multiple t-tests). Data are presented as mean ± 

SD. 

  



193 
 

 

Figure 3.5 PCSK9 down-regulation rescues AAV-PCSK9D377Y mice from 
atherosclerosis disease. 
 

 
 (A) Study design. (B) Plasma PCSK9, (C) total plasma level of cholesterol 

and (D) plasma level of LDL were quantified at the day of sacrifice. Plasma from 

seven C57Bl/6 mice in each group was pooled, size-fractionated by gel filtration 

chromatography using a superose 6 column and total cholesterol profiles were 

determined in FPLC fractions enzymatically. HDL, high-density lipoprotein; LDL, low-
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density lipoprotein; VLDL, very-low-density lipoprotein. (E) Representative images 

and (F) quantification analysis of hematoxylin–phloxine–saffron (HPS)-stained 

atherosclerotic lesions in cross-sections of the aortic root in C57Bl/6 mice. Mice in 

each group were treated as demonstrated in A. ns=non-significant (Unpaired t-test). 

Data are presented as mean ± SD. 
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Supplementary Figure 3.1 Transplantation of atherosclerotic arch aorta. 
 

(A) Schematic setup of the aorta transplantation model. A segment of the 

abdominal aorta (4 mm) from donor mice was interposition with the thoracic aorta in 

the recipient mice. Different cross-sections of the aortic root were stained with HPS 

or VCAM. (B) Aorta of ATX [LDLR-/-; Tg (apoB+/+)] mice fed a chow diet for 36 

weeks, Top: Quantitative analysis of the percentage of presented plaque in different 

parts of aorta, Bottom:  Aorta was pinned out and stained with Oil Red O to have 
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neutral lipid staining (red). (C) Aorta of 30-weeks old ATX [LDLR-/-; Tg (apoB+/+)] 

mice fed WTD for 15-weeks, Left: Quantitative analysis of the percentage of 

presented plaque in different parts of aorta, Right:  Aorta was pinned out and stained 

with Oil Red O to have neutral lipid staining (red). 
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4.1 General Discussion 

While the pathways of LDLR endocytosis, recycling, and trafficking have been 

well documented (Goldstein and Brown, 2009), the mechanism of PCSK9-induced 

LDLR degradation is increasingly revised (Hess et al., 2018). PCSK9 undergoes an 

autocatalytic cleavage and exits the ER to reach the Golgi for further modulation and 

secretion. PCSK9 induces LDLR degradation by two separated pathways. It can bind 

with LDLR in an intracellular pathway and directs the complex to the lysosome for 

degradation (Poirier et al., 2009). Alternatively, secreted PCSK9 binds to the EGF-

A domain of LDLR at the cell surface, and the complex is internalized into the 

endosome (Lagace et al., 2006; Zhang et al., 2007). Despite the presence of PCSK9 

and LDLR together within the secretory pathway and the function of PCSK9 on LDLR 

degradation, LDL clearance by LDLR remains operational. This suggests the 

presence of some endogenous inhibitors, which could specifically interact with 

PCSK9 and prevent complete LDLR degradation.  

Our team has previously identified Annexin A2 (Mayer et al., 2008; Seidah et 

al.,2012), and GRP94 (Poirier et al., 2015) as new endogenous PCSK9-binding 

proteins that regulate LDLR degradation and LDL levels. Here, we explored PCSK9-

interacting proteins and characterized another endogenous modulator of PCSK9 

function (Chapter 2). These proteins may be used as therapeutic targets to inhibit 

PCSK9 functions and, hence, reducing LDL and the risk of CVD. In addition, we 

attempted to identify an accessible and practical approach to study the effect of 

PCSK9 on atherosclerosis (Chapter 3). Apart from the advanced progress in 

understanding the therapeutic efficacy of PCSK9-monoclonal antibodies, there is 
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very little known about the effect of PCSK9 inhibition on atherosclerosis disease. 

This is mainly due to the limited availability and high cost of monoclonal antibodies, 

and the scarcity of a suitable atherosclerosis murine model for studying the effect of 

PCSK9 inhibition. 

The methodological approach used combined mass spectrometry, co-

immunoprecipitation, western blotting, real-time PCR, confocal and electron 

microscopy in relevant cells and mouse model to find and characterize the functions 

of a new PCSK9-binding protein (Chapter 2) followed by development of a murine 

model of atherosclerosis (Chapter 3) to assess the association between PCSK9 

reduction and atherosclerotic plaque lesions. 

In our first study, we demonstrated that GLG1 is a new PCSK9-interacting 

protein, which also binds with LDLR and apoB. Our results showed that deficiency 

of GLG1 in either hepatocytes or mouse liver reduces the intracellular protein level 

of PCSK9, LDLR, and apoB as well as the circulatory level of PCSK9 and apoB-

containing particles. The absence of PCSK9 was shown to reduce apoB, 

atherogenic LDLs, atherosclerosis, independent of LDLR in an LDLR -/-/apoBec-/-

/PCSK9-/- mouse model (Sun et al., 2017). Haploinsufficiency of GLG1 was 

previously shown to be associated with reduced atherosclerotic plaque macrophage 

(Luo et al., 2012), but its mechanisms were not understood.  

We studied the mechanism of action of GLG1 on cholesterol regulation, apoB 

secretion, and degradation pathways. Plasma level of cholesterol is mainly 

dependent on the availability of apoB, TG, and MTP (Polonovski and Beucler, 1983). 

Active synthesis and more importantly, the availability of neutral-lipids (TG and CE), 

are key factors regulating the amount of nascent apoB that are secreted or 
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degraded. In the presence of free fatty acids, apoB availability and apoB lipidation 

are increased due to enhanced apoB stability during co- and posttranslational 

process. MTP is a key factor in hepatic VLDL assembly by transferring TGs into 

the apoB (Aggerbeck et al., 1992). In the absence of neutral-lipids or when MTP 

activity is reduced, apoB fails to be translocated into the lumen of the ER. 

Consequently, apoB becomes ubiquitinated and targeted for degradation pathways 

(Dixon et al., 1991; Dixo and Ginsberg, 1993). ApoB degradation is accomplished 

by both proteasomal and nonproteasomal (autophagy/lysosomal) pathways 

(Olofsson and Boren, 2012). Both pathways occur around lipid droplets (LDs) which 

provide a surface for convergence of the two degradation systems (Ohsaki et al., 

2006). Our in vivo analysis showed that knockdown of Glg1 results in lower MTP 

activity in mouse liver, a significant reduction in plasma TGs level and reduced apoB 

levels in VLDL fractions of mouse plasma. Thus, a reduction in apoB levels of VLDL 

lipoproteins in plasma of Glg1 deficient mice is most likely due to lower MTP activity 

and apoB secretion from the liver (Raabe et al., 1999), or higher apoB degradation 

(Boström et al., 1986; Davis et al., 1990).  

The LDLR and PCSK9 are coordinately regulated by intracellular cholesterol 

level via SREBP2 (Edwards et al., 2000; Maxwell et al., 2003). Intracellular 

cholesterol level is controlled by three major sources: cholesterol synthesis, uptake, 

and degradation pathways that are all involved in SREBP2 regulation. Knockdown 

of GLG1 in our study induced accumulation of TG and lipid droplets in mouse liver, 

an effect that may require activation of SREBP-1c and/or SREBP2. It has been 

reported that SREBP2 also activates autophagy genes during cellular cholesterol 

depletion (Seo et al., 2011). In addition, SREBP-2 regulates transcription of HMGCR, 
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which is an important gene in cholesterol homeostasis (Horton et al. 1998). Upon 

Glg1 knockdown in our study, mRNA level of LDLR was reduced, but no change was 

observed in PCSK9, HMGCR (Supp. Figure 2.1C) and autophagy genes expression 

(Supp. Figure 2.3E). Considering this, other non-sterol mediators such as growth 

hormone, hepatocyte growth factor, or cytokines that have been shown to regulate 

LDLR transcription could play a role in GLG function. 

Treating cells with brefeldin A, an inhibitor of trafficking vesicles from the ER 

to the Golgi apparatus, helped us to understand that reduction in the protein level of 

apoB in Glg1-knockdown hepatocytes occurs in ER and pre-Golgi compartment. 

Poorly lipidated apoB that cannot exit from the ER needs to be removed from the 

secretory pathway by apoB-proteasomal or autophagosomal degradation. Our 

confocal microscopy analysis demonstrated that knockdown of Glg1 in Huh7 cells 

led to impairment of apoB proteasomal degradation, which in turn directed apoB 

towards autophagosome/aggresome compartments. An autophagy inhibitor (3-

MA) restored apoB expression, which was reduced by Glg1 knockdown in 

hepatocytes. These findings suggest that reduced apoB level following GLG1 

deficiency is autophagy-dependent. Thus, inhibiting GLG1-apoB interaction may 

decrease the production of atherogenic apoB-containing lipoproteins and prevent 

the development of atherosclerosis. 

We suggested a possibility of developing a small molecule/peptide to inhibit 

the GLG1-apoB interaction as a drug to reduce plasma cholesterol level. However, 

it is first essential to identify the binding site and the mechanism by which GLG1 

interacts with apoB in order to develop an inhibitor for GLG1-apoB interaction. 

More studies using this potential inhibitor under different conditions will help to 



205 
 

understand how GLG1-apoB inhibition functions in vivo and evaluate its potential 

side effects. There are several limitations in the direct administration of small 

molecules such as rapid elimination of drugs, low bioavailability, nonspecific 

cytotoxicity, and adverse side effects. Given the ubiquitous expression profile of 

GLG1, there is a need to develop a suitable targeted drug delivery system to 

distribute the therapeutically active drug molecule only in the liver, site of 

lipoprotein formation, without affecting other tissue or organs. Systems with 

carrier-based delivery, such as metal nanoparticles (NPs), liposomes, ceramic 

materials, and polymeric micelles help to enhance the targeting of the drug and 

reduce its side effects compared with free drugs.  

Aside from the regulatory role of GLG1 on intracellular trafficking of PCSK9 

and lipid metabolism, the importance of GLG1 and PCSK9 activity in metabolic 

disorders such as diabetes remains to be discussed. It has been shown that GLG1 

interacts with APN, an adipocyte-derived hormone with anti-diabetic properties 

(Yamamoto et al., 2016). A decreased level of APN in serum is considered as a risk 

factor for the progression of type 2 diabetes (Daimon et al. 2003). GLG1-APN 

interaction has also been shown to block GLG1-E-selectin binding and induced anti-

atherogenic response such as inflammation. PCSK9 and GLG1 may also play a role 

in the development of the central nervous system. It has been reported that PCSK9 

interacts with the β-site amyloid precursor protein-cleaving enzyme 1 (Jonas et al. 

2008) and by inducing its degradation is involved in reducing the risk of Alzheimer 

disease (Ko and Puglieli 2019). Therefore, in the early stages of GLG1-PCSK9 

based drug development for hypercholesterolemia, it is essential to perform more 

investigations to understand GLG1 functions beyond lipid metabolism. 
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Modulating GLG1 function as a way to reduce cholesterol level may have 

potential benefits in other disorders. For example, binding of GLG1 to E-selectin 

on the surface of hepatic stellate cells is important in regulating the functional 

activity of these cells. Hepatic stellate cells are involved in the repair of injured 

hepatic tissue, liver regeneration, and angiogenesis of hepatic metastasis 

(Antoine et al., 2009). It was shown that causes of inflammatory liver disease and 

liver metastasis in hypoxic conditions might be due to the increased cleaved and 

secretory form of GLG1, which results in less cell surface GLG1-binding activity 

(Antoine et al., 2009). Furthermore, the role of GLG1 in prostate cancer metastasis 

and reducing cancer aggressiveness has been reported (Yasmin-Karin et al. 

2010). 

Lack of an ideal animal model of atherosclerosis, suitable for studying PCSK9 

function, is one of the main limitations that researchers in this field have faced. In 

our second study, we measured atherosclerotic lesions and circulating cholesterol 

level in the ATX [Ldlr-/- ;Tg (apoB+/+)] mice fed either a chow diet or a Western-type 

diet (WTD) and compared them with our developed ATX-HZ [Ldlr-/+; Tg (apoB+/+)] 

mice fed a WTD, and C57BL/6 mice overexpressing gain-of-function mutant 

PCSK9D377Y (AAV8-tetON-PCSK9D377Y) fed a WTD. Our results demonstrated that 

12-weeks overexpression of PCSK9D377Y in C57BL/6 mice fed WTD led to the 

development of large atherosclerotic lesions, while ATX-HZ mice developed no 

plaque in their aortic root after 29-weeks exposure to WTD. This indicates the 

potency of one allele of LDLR in protecting mice against atherosclerosis. Thus, we 

aimed to study the effect of PCSK9 gene silencing on atherosclerosis using C57BL/6 

mice overexpressing PCSK9D377Y. Our results demonstrated that the long-term gene 



207 
 

expression ability of the DOX-inducible system in AAV8-tetON-PCSK9D377Y mice 

induced and sustained atherosclerosis lesions in aortic roots, which were then 

significantly reduced by blocking PCSK9D377Y overexpression in C57BL/6 mice. Our 

results suggest that the C57BL/6 mice that overexpress PCSK9D377Y in an inducible 

manner are a useful mouse model for understanding the molecular role of PCSK9 

on atherosclerotic plaques development. 

4.2 General Conclusion 

Although the progress made in understanding the PCSK9 role in lipoprotein 

regulation and development of atherosclerosis, prevention of atherosclerosis by 

modulating PCSK9 expression and function remains an unresolved topic. PCSK9 

endogenous interacting proteins seem to be potential targets for inhibition of PCSK9-

induced LDLR degradation, reducing plasma cholesterol level and formation of 

atherosclerotic plaques. Here, we showed for the first time that Golgi apparatus 

protein 1 (GLG1), a protein encoded by the GLG1 gene, interacts with PCSK9, apoB, 

and LDLR, and hence regulate cholesterol homeostasis. Most importantly, we 

demonstrated that GLG1 deficiency reduces apoB lipidation and TG secretion 

through an autophagy-dependent pathway. Thus, preventing the interaction of GLG1 

with apoB might pave the way towards the development of a new treatment of 

hypercholesterolemia and atherosclerosis. 

Animal models have been extensively used to study atherosclerosis disease 

in human. ApoE knockout and LDLR-deficient models are two major mice models, 

exhibit significant hypercholesterolemia, that are served as valuable tools to 

understand atherosclerosis development. However, these two genes are required 
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for studying the molecular mechanisms underlying PCSK9 function. Here, we 

developed an AAV8-tetON-PCSK9D377Y mice model which we found to be well-suited 

to study the effect of PCSK9 gene modulation on atherosclerosis. An advantage of 

using this mice model is the development of atherosclerotic plaques in the presence 

of both LDLR and apoE genes. Moreover, using an inducible expression system 

facilitates studying the effect of plasma PCSK9 level on atherosclerosis lesions. Our 

mice model will advance our understanding of atherosclerotic plaque development 

and help to validate treatment options using PCSK9-related therapies. 

Taken together, this thesis provides novel insights into the PCSK9 regulation 

and identifies a new PCSK9 interacting protein, GLG1, that reduces apoB-100 

secretion and modulates lipid metabolism. We provide a new foundation upon which 

future studies on cholesterol hemostasis may be undertaken, to translate this 

knowledge into new therapeutic approaches for the atherosclerosis disease. 

4.3 Future Perspectives 

Based on our findings, many questions and ideas have been proposed: 

- We observed the accumulation of poorly lipidated-apoB in mouse plasma 2-

weeks post Glg1-knockdown, whereas deficiency of GLG1 in Huh7 cells 

reduced apoB secretion in media. The reason for this discrepancy in our 

results is not well understood. However, because of apoB accumulation in 

plasma of mice with double Ldlr and Mtp deficiency in the liver (Ldlr-/- MtpΔ/Δ) 

(Larsson et al., 2004), we hypothesized that accumulation of apoB in plasma 

of Glg1-knockdown mice might be due to the long-term low expression of 

LDLR at the surface of hepatocytes and reduced level of MTP activity. 
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Larsson et al. (2004) suggested that normal level of MTP is required for 

mediating the second step of VLDL assembly, while low levels of MTP is 

sufficient for apoB100 synthesis and the initial step of VLDL assembly. 

Degradation of dense apoB100-containing lipoproteins that escape co-

translational degradation is mainly via intracellular hepatic LDLR. Thus, the 

presence of an insufficient level of LDLR and MTP may lead to the 

accumulation of apoB in mouse plasma. 

According to our results, presenting a low level of LDLR at the cell surface 

after two weeks of Glg1-knockdown might be due to the defective LDLR-

transport to the cell surface, while lysosomal degradation of cell-surface LDLR 

is still ongoing. Thus, during a short-term deficiency of GLG1, we hypothesize 

that some LDLR would still be present at the cell surface for the clearance of 

plasma apoB. To evaluate our hypothesis, measuring the protein level of 

apoB in mouse plasma 2 to 7 days after Glg1-knockdown could be tested. 

This experiment will help to clarify the reason for increased level of apoB in 

mouse plasma post Glg1-knockdown. 

- We detected an intracellular binding between endogenous GLG1 and apoB 

in mouse liver and cultured hepatocytes. Moreover, we found that GLG1 

downregulation results in reduced plasma level of cholesterol. However, the 

sequences of GLG1 and apoB proteins that are required for their interaction 

are not identified yet. Also, it is not yet clear whether any interaction between 

GLG1 and apoB exist in the circulatory pathway. Clarifying the details of 

GLG1-apoB binding might help to synthesize a peptide, based on the 
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identified sequence of GLG1 that interacts with apoB, to block the GLG1-

apoB binding and consequently reduce the secretion of apoB-containing 

lipoproteins. GLG1 contains a large extracellular (16 repeats of a Cfr motif), 

and a short intracellular (13 aa residues) domains (Zhou et al., 1997).  

Constructing the clones of GLG1 with mutations in different regions and the 

mammalian two-hybrid system can be used to determine the minimal length 

of GLG1 that is required for the interaction with apoB. Also, setting up the 

same type of experiments with apoB constructs would help to delineate the 

region(s) of apoB (lipid-binding domain, RNA editing region, and LDL 

receptor-binding domain) that is(are) required for the interaction with GLG1.  

- In the GLG1 study, we focused on the effect of GLG1 on circulatory and 

degradation pathway of apoB. However, the effect of GLG1 on trafficking 

pathways of apoA1, PCSK9, and LDLR is not yet entirely studied. We 

proposed that GLG1 is required for their transit from the ER to the post-ER 

compartments. Systematic experiments to determine and validate the 

underlying pathways of the interrelationship between GLG1, PCSK9, apoA1, 

and LDLR will have to be performed.  We need to investigate whether GLG1 

interacts with either intracellular or circulating apoA1. Moreover, we need to 

delineate whether the interaction of GLG1 with apoB, PCSK9, and LDLR is 

through direct or indirect binding using co-IP and double knock-out 

experiments in hepatic cell lines or mouse liver. 

- PCSK9, LDLR, and apoB are three major proteins for which genetic defect 

causes ADH, which is characterized by elevated plasma level of LDL. 
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Marques-Pinheiro et al. (2010) reported that the fourth gene that is involved 

in ADH is located at a 16q22.1 locus, which contains 154 genes. Regulatory 

role of GLG1, located at the16q22.1 locus, on PCSK9, LDLR and apoB 

suggests that it would be interesting to screen FH negative-

LDLR/APOB/PCSK9 cohorts for GLG1 mutations. 

- Herein, we observed that deficiency of GLG1 led to a sharp reduction in 

plasma level of HDL. This observation might be due to the lower level of MTP 

activity as it was reported previously in Mtp-knockout mice (Raabe et al., 

1999). Furthermore, Dastani et al. (2010) reported that a region on 

chromosome 16 is likely to harbor a gene for the low circulatory level of HDL. 

Thus, we hypothesized that the sequencing of GLG1 in patients with low 

levels of HDL-C might help to confirm the role of GLG1 in cholesterol 

metabolism.  

- We found an unexpected decrease in the endogenous protein level of LC3-

II upon downregulation of Glg1 in either cells or mouse liver. The decrease in 

the protein level of LC3II was restored in the presence of a lysosomotropic 

reagent (NH4Cl), which means LC3II was degraded through lysosome-

autophagy pathways (Mizushima and Yoshimori, 2007). Electron microscopy 

analysis demonstrated the increased formation of autophagy vacuoles in the 

liver of the Glg1 deficient mice. Also, flow cytometry analysis demonstrated 

an increase in the number of autophagy fluorescent marker in GLG1-deficient 

cells. Confocal microscopy analysis further confirmed that Glg1 knockdown in 

Huh7 cells led to the aggregation of autophagy marker (either endogenous 
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LC3B or overexpressed LC3-GFP). Thus, as it was suggested before 

(Mizushima et al., 2010), we used a combination of various independent 

experiments to evaluate the level of autophagic flux in the presence and 

absence of GLG1. However, to further confirm our results it would be 

interesting to determine the effect of Glg1-knockdown in autophagy-deficient 

mice (Rubinsztein et al., 2011) or use long-lived protein degradation approach 

(Dupont et al., 2017) to measure the effect of GLG1-deficiency on the 

autophagy pathway in cultured cells. The long-lived protein degradation 

approach is an effective assay for quantification of the autophagic flux of 

endogenous proteins in adherent cell lines (Luhr et al., 2018). 

- In the present study, we found that GLG1-downregulation induces 

autophagy clearance of apoB. An earlier study by Luo et al. (2012) 

demonstrated that haploinsufficiency of GLG1 is associated with reduced 

atherosclerotic plaque macrophage content. However, the detailed process 

of this observation was not verified. Ouimet et al. (2011) reported that the 

autophagy process is involved in regulating the level of macrophages. Razani 

et al. (2012) indicated that oxidized-LDL could be cleared through 

autophagosome/lysosome pathway in human vascular endothelial cells. 

Thus, it would be interesting to investigate the association of GLG1 with 

autophagy clearance of plaque macrophage content and therapeutic effect of 

Glg1-knockdown on atherosclerosis development.  

- We found that GLG1 is a new LDLR and PCSK9-interacting protein and the 

effect of GLG1 on atherosclerosis (Luo et al., 2012) might be through the 
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LDLR/PCSK9 mode of action, which needs to be elucidated. It is important to 

focus on delineating the physiological and biochemical mechanisms 

underlying the protective role of LDLR, PCSK9, and GLG1 

inhibition/downregulation in the development of atherosclerosis. The AAV8-

tetON-PCSK9D377Y atherosclerosis mice model, developed in our second 

study, can be used to verify the LDLR/PCSK9-dependency of GLG1 effect on 

atherosclerosis and the related process by altering the PCSK9 expression 

using DOX system and GLG1 gene expression using CRISPR/Cas9 (Sander 

and Joung, 2014).  

- It would be useful to determine the effect of GLG1 or PCSK9 knockdown on 

the morphology of plaques. Immunohistochemistry and quantification 

analyses of CD68-positive macrophages/foam-cells and chemokine 

receptors (CCR2, CCR7, and CX3CR1) can be used to determine 

atherosclerotic plaque inflammation, and Verhoeff-Van Gieson staining to 

analyze the elasticity of the fibers by detecting foam cells and smooth muscle 

cells (Daugherty and Whitman, 2003) 
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