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Abstract: 

Proprotein convertase subtilisin/kexin type-9 (PCSK9) is a central regulator of circulating levels of low- 

density lipoprotein-cholesterol (LDL-C) and related cardiovascular disease (CVD) risk. PCSK9 is a sol- 

uble secreted protein expressed predominantly in the liver, where it mediates lysosomal degradation of 

cell surface LDL receptor (LDLR), the primary conduit for LDL-C plasma clearance. Cell culture and 

mouse in vivo studies support the notion that PCSK9 mediates pro-inflammatory signaling, and thera- 

peutic monoclonal antibodies (e.g., alirocumab) that bind PCSK9 also exert anti-inflammatory proper- 

ties in addition to LDL-C lowering. Plasma PCSK9 exists in intact (full-length) and truncated forms. A 

significant number of the former are LDL-bound. An N-terminal intrinsically disordered region (IDR) 

within the PCSK9 prodomain (aa 31-52) – an area rich in negatively charged amino acids – is critical in 

this association and has also been shown to exert a negative allosteric effect on PCSK9-LDLR binding 

affinity. Herein, we showed that mutagenesis to change amino acid residues within this region leads to 

a PCSK9 variant with altered LDL and LDLR association. Specifically, inserting a disordered Gly-Ser- 

Gly-Gly (GSGG) linker to replace acidic Ser47-Glu-Glu-Asp increased LDLR- dependent uptake to the 

same extent as a complete deletion of the IDR, whereas individual amino acid replacements within the 

IDR showed similar LDL and LDLR binding as wild-type (WT)- PCSK9. The major truncated PCSK9 

variant found in human plasma is a proteolytic product of furin (f-PCSK9), which is considered inert 

because it cannot bind LDLR. However, f-PCSK9 interaction with native LDL (nLDL) and oxidatively 

modified LDL (oxLDL) was increased by 1.5-fold and ~10-fold, respectively, compared with intact 

PCSK9. F-PCSK9 also showed preferential binding to artificial liposomes mimicking the outer lipid 

membrane of LDL. The endocytic uptake of f-PCSK9 in HEK293 cells transiently overexpressing the 

scavenger receptors CD36 or LOX1 was increased compared to intact PCSK9. OxLDL co-incubation 

increased f-PCSK9 uptake in M1-polarized THP-1 human macrophages; pro-inflammatory cytokines 
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such as IL-1β and TNF α significantly increased, as determined by qPCR. F-PCSK9 was increased in 

the serum of LPS-treated female mice 24 hours post-treatment. The therapeutic anti-PCSK9 monoclonal 

antibody alirocumab blocked furin proteolysis of PCSK9. These results suggest that the f-PCSK9 may 

function as an inflammatory signaling molecule and mediate oxLDL interactions with scavenger recep- 

tors in immune cells. 

Overall, these findings suggest a new paradigm in PCSK9 biology whereby furin proteolysis reveals 

novel immune functions and could aid in designing future PCSK9 inhibitors directed at different sub- 

species of PCSK9. 
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Chapter 1: Introduction 

Elevated plasma low-density lipoprotein cholesterol (LDL-C) is a prevalent risk factor in cardiovascular 

complications due in part to cholesterol overaccumulation in macrophages and smooth muscle cells in 

the arterial plaque [1, 2], and these complications are a persistent burden on the healthcare system 

worldwide [3]. Atherosclerosis is a major underlying factor leading to cardiovascular complications [4] 

and is characterized by luminal narrowing resulting from functional alteration in the vascular wall [5]. It 

is well-established that vascular inflammation fuels the progression of atherosclerosis [6, 7]. Damage to 

the endothelium with infiltration and modification of cholesterol-rich lipoproteins (mainly LDL-C) play 

a pivotal role [8], as well as the interplay between immune cells and chemical compounds within the 

vascular wall [4]. However, an elevated level of circulating LDL-C is critical to the development of 

atherosclerosis [1]. 

Proprotein convertase subtilisin/kexin type 9 (PCSK9), first identified and linked primarily through 

gain-of-function (GOF) PCSK9 mutations to familial hypercholesterolemia (FH) in 2003, is a member 

of the proprotein convertases subtilisin/kexin family [9]. PCSK9 is a soluble secreted protein expressed 

predominantly in the liver, with lower expression in the intestine, brain, kidney, and vascular endothelial 

cells [10-12]. The newly discovered protein was initially named neural apoptosis-regulated convertase- 

1 (NARC-1) partly because of its perceived role in the differentiation of cortical neurons and in regulat- 

ing neuronal apoptosis [10, 12]. The name proprotein convertase subtilisin/kexin type-9 was later 

adopted by the HGNC (Hugo gene nomenclature committee). Mechanistic studies have now established 

that PCSK9 is a central regulator of the circulating level of LDL-C [11, 13, 14] through its ability to bind 

and mediate the cellular degradation of LDL receptor (LDLR). LDLR is a cell surface protein that in- 

hibits the production of LDL through the rapid removal of IDL (intermediate density lipoprotein) from 

the circulation and also clears LDL-C through receptor-mediated endocytosis [1, 11, 14, 15]. PCSK9 
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forms a protein-protein interaction with the LDLR at the cell surface, and upon endocytosis, bound 

PCSK9 redirects LDLR to the lysosome for degradation (i.e., extracellular pathway) [11, 14], thereby 

disrupting the natural recycling of the LDLR to the cell surface for more LDL-C clearance [1], and ulti- 

mately leading to elevated plasma LDL-C, and atherosclerosis development and progression. There is 

also evidence that PCSK9 can bind to nascent LDLR and redirect it to lysosomes from within the secre- 

tory pathway (i.e., intracellular pathway) [16]. However, clinical trials showing extensive LDL-C low- 

ering (up to 70%) through inhibition of circulating PCSK9 using injectable monoclonal blocking anti- 

bodies indicate that the extracellular pathway is the major mode of PCSK9-mediated LDLR degradation 

in humans [17]. 

Plasma human and mouse PCSK9 exist in full-length (intact) and truncated forms [18, 19]. Approxi- 

mately 25% of PCSK9 in human circulation is processed by the enzyme furin, which, along with PCSK9, 

is a member of the proprotein convertase (PC) family of serine proteases. Furin-mediated proteolysis 

excises an N-terminal region of the catalytic domain (aa 153 -218) of PCSK9 that overlaps the binding 

site to the LDLR epidermal growth factor-like (EGF)-A domain [19, 20]. Thus, furin-cleaved PCSK9 (f- 

PCSK9) does not bind LDLR and is considered inert [20]. However, limited proteolysis by PC enzymes 

is a finely regulated mechanism that can also generate biologically active proteins or molecules at the 

right subcellular level and context. Interestingly, PCSK9 was initially thought to be mainly involved 

only in FH through LDLR regulation [9]; however, recent evidence indicates other multidimensional 

novel functions of PCSK9. For example, animal and cell culture studies support that PCSK9 is involved 

in LDLR- independent mechanisms in foam cell formation, endothelial dysfunction, increased inflam- 

matory cytokines storm, platelet activation, and redox system regulation [21-25]. Of note, it remains 

unclear which of the subspecies of PCSK9 is involved in these multidimensional novel roles. Although 

expensive [26], conventional modulation of PCSK9 through therapeutic injectable monoclonal 
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antibodies (mAbs) effectively blocks the PCSK9/LDLR interaction at the cell surface and lowers LDL- 

C plasma levels [27]. Importantly, PCSK9-inhibitory mAbs (PCSK9i-mAbs) also display anti-inflamma- 

tory, anti-thrombotic, and immunomodulatory properties independent of LDL-C reduction [23, 28, 29], 

suggesting a new paradigm in PCSK9 biology. 

The study described herein explores the alternate confirmations of PCSK9 and the functional role of 

these confirmations in the context of PCSK9 biology. 

 

 

1.1.1 The Proprotein Convertase Family (PCs) 

The human genome contains over 560 proteases classified into five distinct groups based on their cata- 

lytic mechanism and subdivided further into families due to similarities in their amino acid sequence 

and three-dimensional geometry [30, 31]. The serine proteases are one of these groups – so named ‘ser- 

ine’ because of the unique role of serine at their active site – a vast group comprising one-third of all 

proteolytic enzymes [32]. In humans, the most abundant are the chymotrypsin- trypsin-like serine pro- 

teases due to the diverse and significant number of physiological processes they catalyze [32]. However, 

the human PCs related to bacteria subtilisin and yeast kexin are a small 9-member serine endoprotease 

family critical in maintaining cellular function by activating various cellular processes through limited 

proteolysis [31-37]. Limited proteolysis involves functional alteration resulting from posttranslational 

processing through the endoproteolytic cleavage of precursor proteins into their active cognate states, 

usually at the intended target site [31, 38]. The first seven members represent a closely related 

family called the core PCs recognizing and cleaving substrate proteins with paired basic arginine 

residues in the consensus sequence RxxR – namely PCSK1 (proprotein convertase subtilisin/kexin 1), 

PCSK2, furin, PCSK4, PCSK5, PCSK6 (also called Paired basic amino acid-cleaving enzyme 4 

[PACE4]), and PCSK7 [32]. The other two, SKI-1/SIP (subtilisin/kexin isoenzyme-1/site-1 protease) 
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and PCSK9 (proprotein convertase subtilisin/kexin type 9), are most closely related to pyrolysin and pro- 

teinase K, with substrate recognition consensus site and aspects of their domain architecture being dis- 

tinctive from the first seven members [32, 37]. 

 

 

1.1.2 Structure and Biochemistry of the PCs 

 
The early perception of protease-mediated reactions was thought to be nonspecific. However, proteolytic 

processing is a finely regulated physiological process vital for biological regulation [31, 38]. Proteases 

themselves often require proteolytic processing to acquire catalytic activity, as they are synthesized as 

inactive proenzymes. This ensures that proteolytic activity only occurs at the intended biological target 

sites [31]. PCs follow a similar pattern as they rely on autocatalytic activation for their biological func- 

tion [31, 35]. Structurally, the PCs are synthesized as a multi- segmented proenzyme consisting of i) a 

signal peptide, which helps by translocating the proenzyme to the endoplasmic reticulum (ER) lumen; 

ii) a prodomain that acts as an intramolecular chaperone, and is involved in regulation, activation, and 

maturation by aiding in enzyme protein folding; iii) a catalytic domain that has a highly conserved cata- 

lytic triad consisting of aspartate, histidine, and serine residues; iv) a regulatory P domain; and v) a C- 

terminal domain unique to each PC in terms of length and the cytosolic domain [31, 32, 35, 39]. Among 

the PCs, furin is the most characterized. Because of its domain homology to other members of the PC 

family, with some distinct differences to SKI-1/SIP and PCSK9 in terms of domain architecture, it forms 

the basis for all PC characterization [36, 39]. Furthermore, besides the highly conserved catalytic do- 

main, furin also has a conserved P domain necessary for pH regulation, calcium requirement, and pro- 

tease activity [39]. The cytosolic domain of furin controls sorting and cellular localization to the trans- 

Golgi, cell surface, and endosomes [32, 39]. Subcellular localization enables furin and other PCs to 

interact with substrates in different cellular compartments as a component of their proteolytic functions. 
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For proteolytic activation, furin undergoes autocatalytic cleavage using its consensus rules of Arg-X- 

Lys/Arg-Arg↓. To prevent protease activity before its target subcellular localization, the prodomain is 

retained after the first autocleavage, which evidence suggests occurs at a neutral pH. Upon reaching its 

target destination, a final autocleavage occurs at acidic pH within the prodomain, which completely ex- 

poses the active site/catalytic domain and ultimately activates the protease [36, 40]. Except for PC2, all 

other PCs follow a similar maturation and activation pattern [41]; however, to date, no secondary acti- 

vating proteolysis event within its prodomain has been identified for PCSK9. 

 

1.1.3 Role of the PCs in Health and Disease 

The secretory pathway contains many secreted proteins that are initially synthesized as zymogens, and 

through limited proteolysis, these zymogens are activated to produce biologically active proteins [42, 

43]. Although the PC processing site is embedded within the zymogen backbone, their subcellular lo- 

calization within the constitutive route or regulated secretory pathway and widespread expression at the 

systemic level positions PC enzymes as essential components of cellular homeostasis in health and dis- 

ease [31, 32]. For example, PC1 is implicated in obesity [44- 47]. Despite its restrictive subcellular lo- 

calization [48], it also processes proinsulin to active mature insulin [49]. 

PC2 is also implicated in obesity and the functional maturation of various neuropeptides [49, 50]. Not 

only the first PC to be identified and the most characterized, furin’s ubiquitous nature [39] places this 

PC member at the crossroads of many different pathways, such as atherosclerosis progression through 

its role in inflammation [51, 52], embryogenesis, Alzheimer's disease, viral infection, bacterial toxin 

activation, and several cancers [39, 53-57]. Unlike the ubiquitous furin, PC4 is primarily expressed in 

the testicular germ cells, and this tissue-specific expression suggests a role in fertilization through sperm 

maturation and capacitation [58-60]. Conversely, PCSK5 functional alteration is linked to multiple 
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developmental anomalies [61, 62], cancer, and HDL-C modulation [53, 63]. Also known as PACE4, 

PC6 could be likened to furin, as it shares similar chromosomal localization in humans and mice [64]. 

Evidence suggests it is involved in various cancers, tumor progression, mediation of submandibular 

gland development [64, 65], and a possible role in iron homeostasis [66]. PC7 is also implicated in iron 

homeostasis [67] and is suggested to have a role in regulating specific cognitive performance in mice 

and humans [68]. 

Although the coexpression of PC7, furin, PC5, and PC6 show some form of functional redundancy, evi- 

dence suggests that they each have unique physiological functions [69-71]. This is particularly true of 

SKI-1/S1P and PCSK9 in lipid metabolism [69]. SKI-1/S1P has been shown to be a critical regulator of 

cholesterol and fatty acid metabolism through the proteolytic activation of sterol regulatory element- 

binding proteins 1 and 2 (SREBPs) [69, 72-74]. Recent work also indicates that SARS-CoV2 cell-to- 

cell induced fusion is facilitated through the proteolytic activation of SREBP2 by SKI-1/S1P [75]. In 

contrast, PCSK9 regulates cholesterol homeostasis and SARS- CoV2-induced fusion through mediating 

LDLR and ACE2 degradation [69, 75]. It was reported that SKI-1/S1P could be essential for other viral 

production, such as Hepatitis C, Nairobi sheep disease virus, and Crimean-Congo hemorrhagic fever 

virus [76-78]. A role in developing bone by SKI-1/S1P has also been suggested through the nucleation 

of mineral crystals [79]. Of note, the role of PC1 to PC8 (SKI-1/S1P) in cellular homeostasis in 

health and disease state is by proteolytically processing the various substrates involved in cellular 

homeostasis. Conversely, the PCSK9 mechanism of action is non-proteolytic. Therefore, PCSK9 might 

have evolved to suit its current mechanism of action by limiting its proteolytic activity to its own auto- 

catalytic processing. 

1.2 PCSK9: A unique PC member 

Proprotein convertase subtilisin/kexin type-9 (PCSK9) is the ninth member of the PC family, and work 
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done during its early days suggests a potential role in liver regeneration and cortical neuron differentia- 

tion [10, 80]. However, PCSK9 is best known for inducing the lysosomal degradation of the LDLR, a 

key player in cholesterol homeostasis [11, 13, 69]. This has led to a paradigm shift in our understanding 

of cholesterol homeostasis, which has shown a direct role of extracellular protein in cholesterol regula- 

tion [15, 81]. Emerging evidence indicates that not all PCSK9 functional activity involves induced deg- 

radation; regulation of downstream signaling has also been suggested [82]. Specifically, PCSK9 is in- 

volved in the immune regulation of infections and tumors [83], regulation of cellular proliferation through 

the NODAL signaling pathway [84], and a role in systemic immune activation as evidence indicates a 

liner correlation between elevated circulating PCSK9 and bacterial and viral infections [85-87]. 

Although our knowledge of PCSK9 biology has grown beyond regulating cholesterol homeostasis, this 

remains the best-characterized aspect of its biological function through LDLR regulation [9, 11, 13, 14, 

82]. The LDLR is a member of a structurally and functionally related protein family of seven cell surface 

receptors [88, 89]. Like the role of LDLR, their functions involve the internalization of lipoproteins, 

exotoxins, and lipid-carrier complexes [89]. Mounting evidence suggests PCSK9 is involved in regulat- 

ing members of this family in a non-proteolytic manner as a binding chaperone [90]. It was reported that 

PCSK9 induced the degradation of the very low-density lipoprotein receptor (VLDLR) and apolipopro- 

tein (apo) E receptor 2 (ApoER2) [91, 92], along with a possible role in the modulation of triglyceride- 

rich lipoprotein metabolism [93]. Induced degradation of VLDLR and ApoER2 by PCSK9 might be 

explained in part because of a high degree of homology in the epidermal growth factor (EGF) domain 

present in these receptors [94], including the presence of an EGF-A domain, the primary domain by which 

PCSK9 interacts with the LDLR [14]. Other members of the LDLR family include LRP1 (LDLR-related 

protein 1), LRP1b, LRP2, and LRP4 [88]. 

Communications between adjacent cells are essential for efficient cellular functions and are critical to 
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cell growth and differentiation. Dysregulation or breakdown of these pathways is linked to various hu- 

man disorders. Notably, LRP1, a vital player in the regulation of Notch signaling, interacts with PCSK9 

[95, 96], suggesting a possible role of PCSK9 in cell-to-cell communication. The suggestion that PCSK9 

regulates VLDLR, ApoER2, and LRP1 only adds to the scope of yet unknown PCSK9 biology [92, 93, 

97]. An inverse correlation between PCSK9 and endotoxin clearance has been noted [98]. Interestingly, 

this was connected to the induced degradation of LDLR by PCSK9, resulting in negative pathogenic 

lipid uptake and clearance within the LDL particles [99]. Beyond the LDLR and its family members, 

there are indications of a possible role of PCSK9 in regulating high-density lipoprotein (HDL) [100]. 

This action of PCSK9 might be a product of a feedback mechanism, as it was also reported that HDL 

upregulates PCSK9 activities [101]. An association between PCSK9 and lipoprotein (a) [Lp(a)] has also 

been established [102, 103]. 

Furthermore, evidence of the role of PCSK9 beyond its regulation of LDLR family members is emerg- 

ing. For example, mechanistic studies indicate that PCSK9 forms a protein-protein interaction with the 

tumor cell surface major histocompatibility protein class 1 (MHC1) protein, disrupting the ability of 

MHC1 to recycle to the cell surface and rerouting it to the lysosome for degradation [104], which ulti- 

mately reduces the intratumoral infiltration of cytotoxic T cells [105]. Interestingly, it was shown that 

attenuating the biological function of PCSK9 through either PCSK9 gene deletion or antibody inhibition 

prevents this protein-protein interaction and the growth of cancer cells in mice [104]. Almeida et al. 

[106] also pointed out this as a good strategy in cancer treatment. The role of PCSK9 in cancer might be 

multi-dimensional as it is also involved in T cell reprogramming [104, 107]. T cells function prominently 

in adaptive immune responses, such as against pathogens, allergens, and tumors [108]. Reprogramming 

of T cells by PCSK9 action would significantly affect their immune function [107]. It is tempting to 

speculate that the role of PCSK9 in cancer is not exhaustive yet, as it may also play a role in stimulating 
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inflammatory cytokines, which in turn could promote the growth of cancer cells [21]. It is worth noting 

that inflammation is initially the immune system’s response to wounds and infections, with the ultimate 

target of resolving them. Many interplays occur between the pro-resolving molecules, such as immune 

cells and chemical compounds within the microenvironment, and due to these interplays, protracted 

inflammation might result [109]. This might partly explain why the progression of atherosclerosis is 

fueled by inflammation within the vascular wall [6, 7, 110]. Interestingly, atherosclerosis is a chronic 

inflammatory disease [111], and several studies have demonstrated the involvement of PCSK9 in every 

stage of atherosclerosis progression [8, 21-23]. 

 

 

1.2.1 Structure 

Structurally, PCSK9 is nearly homologous to the other members of the PC family, but it appears to lack 

a regulatory P-domain [112]. Its domain structure includes a signal peptide (aa [amino acid] 1-30), a pro- 

domain (aa 31-152), a subtilisin-like catalytic domain (aa 153 – 452), and a C-terminal domain (aa 453 – 

692) (Figure 1a) [112-114]. Like any other protein whose structural feature is critical to its biological 

functions, each domain of PCSK9 plays a central yet distinct role in its biochemical process. For 

example, the signal peptide acts as a guide while promoting the translocation of the zymogen into the 

ER lumen [115]. Changes in the amino acid sequence within this region have been shown to affect 

PCSK9 biology [116]. As in the other PCs, PCSK9’s prodomain plays the role of a chaperone and pro- 

motes maturation through proper protein folding [31]. Of note, between Gln31 and Thr60 within the 

PCSK9 prodomain is a region reminiscent of a disordered state and which is unobserved in all x-ray 

crystal structures of PCSK9 (>30 in total) deposited in the Protein Data Base [113] (Figure 1). The 

prodomain also incorporates two α- helices and four antiparallel β sheets; while the former functions as 

a cover for the β-sheets, the latter helps extend the prodomain and the catalytic domain interface, possibly 
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through electrostatic and hydrophobic interactions [112-114]. Notably, the PCSK9 prodomain contains 

a so-called β0 strand (aa 61-75) that interacts with adjacent β-sheets through hydrogen bonds. This fea- 

ture, unique to PCSK9 among the PC family, might have evolved to stabilize or otherwise regulate the 

prodomain/catalytic domain interface [113, 114]. The subtilisin-like catalytic domain encompasses a 

highly conserved catalytic triad – Asp186, His226, and Ser386 - which differs slightly from other PCs 

in terms of positioning [114]. The catalytic domain contains three disulfide bonds and two α helices, 

forming its noncovalent interaction interface with the prodomain with hydrogen bonds possibly acting 

as backbone [113, 114]. A C-terminal cysteine-histidine rich (CHR) domain comprises three tightly 

packed subdomain modules, designated as M1, M2, and M3, arranged in a pseudo-three-fold axis [113], 

with each subdomain forming a six-stranded β- propeller [113, 114]. Evidence suggests highly con- 

served cysteine residues but relatively little sequence identity across the three subdomains [114]. 

 

 

1.2.2 Processing and secretion 

PCSK9 processing and secretion follows a similar pattern to other PCs: after the co-translational cleav- 

age of its signal peptide, the nascent formed protein undergoes autocatalytic intramolecular processing 

in the ER at VFAQ↓SIP, a prerequisite for exiting the ER [13, 69]. Unlike other 

members of the PC family, in which the complete removal of the prodomain through a second but slower 

cleavage to attain full maturity and enzymatic activation, after the initial autocatalytic cleavage, PCSK9 

is secreted into the secretory pathway/extracellular space with the structure of the full prodomain intact. 

Thus, the PCSK9 prodomain (~16 kDa) remains noncovalently attached to the larger (~60 kDa) Cat/C- 

term segment of the protein [13] (Figure 1), preventing substrate access to the active site. As such, the 

mature secreted form of PCSK9 is catalytically inert. Notably, furin-mediated proteolysis of PCSK9 has 

been shown to promote prodomain dissociation [19]; however, this would not result in PCSK9 enzymatic 
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activity as it removes the active site Asp186 residue. 

 

PCSK9 exists in multiple forms in the extracellular milieu because it is the target of posttranslational 

modifications (PTMs), such as sulfation (Tyr 38), phosphorylation (Ser 47 and 688), proteolytic cleav- 

age, and N-linked glycosylation. These biological modifications have been shown to impact PCSK9's 

function positively or negatively [10, 19, 20, 117-119]. 

 

1.2.3 Plasma PCSK9 

As previously mentioned, PCSK9 in the extracellular milieu exists in multiple forms resulting from 

PTMs [10, 19, 117-119]. In human and mouse plasma, evidence indicates that there are two major forms 

of circulating PCSK9: intact and furin-cleaved (f-) PCSK9; the latter is a product of limited proteolysis, 

mainly by furin [18-20, 120, 121]. F-PCSK9 was initially characterized through its generation when 

PCSK9 was co-overexpressed in cells with furin, with the cleavage site localized to the sequence 

RFHR218↓QA within the catalytic domain [120]. The truncated form of PCSK9 was reduced by >80% 

in the serum of Furin-/- mice, confirming that furin is the major activity, with other PCs likely also con- 

tributing [20]. As this site lies within the primary LDLR binding interface, f-PCSK9 cannot bind to 

LDLR. Indeed, several GOF mutations in PCSK9 (R218S, F216L) have been identified in FH patients 

that alter the cleavage site, so these PCSK9 variants are likely more active in binding/degrading LDLRs 

due to decreased furin proteolysis [19]. A transiently transfected HEK293 with a recombinant PCSK9 

lacking the N-terminal region of the catalytic domain excised by furin showed impaired secretion despite 

having a similar processing level to the intact PCSK9 [120], supporting that the segment cleaved off by 

furin is critical to PCSK9 secretion. Furin is a transmembrane protein that cycles between the plasma 

membrane and the trans-Golgi, so its enzymatic cleavage of PCSK9 could occur within the secretory 

pathway, extracellularly, or a combination of both. 

Approximately 15-30% of circulating plasma PCSK9 in humans is in a truncated (cleaved) form 
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consistent with furin proteolysis [19]. Evidence suggests that LDLR is the primary conduit of plasma 

PCSK9 clearance [11, 81]; however, as noted above, f-PCSK9 does not bind to LDLR due mainly to the 

excised N-terminal portion of the catalytic domain [19]. Although the evidence of plasma f-PCSK9 is 

well established [18, 19, 120, 121], plasma clearance of this subspecies is still poorly understood. 

 

 

 

 

Figure 1: Overview of PCSK9 structure (A) pro-PCSK9 (zymogen form) with the signal peptide, pro- 

domain, catalytic domain, and C-term along with the processed mature PCSK9 (cleaved) with the prodomain non- 

covalently attached to the catalytic domain. The location of the self-cleavage site in the pro- PCSK9 is shown, and 

the amino acid sequence of the intrinsically disordered N-terminal region (IDR) in the processed mature. The acidic 

residues are highlighted in blue. (B) The crystal structure of PCSK9, along with the EGF-A domain of the LDLR 

and the point of interaction interface between LDLR and PCSK9. The circle position within the crystal structure 

represents the catalytic triad, and the gray area represents the IDR. Protein structure manipulated from the original 

PCSK9 crystal model by Kwon et al., 2008. 
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1.2.4 PCSK9-mediated LDLR degradative pathways 

In accordance with its tightly bound prodomain, PCSK9’s inherent protease activity is not required to me- 

diate LDLR degradation in the endocytic pathway. Instead, secreted PCSK9 acts as a binding chaperone. 

Typically, upon endocytosis, the LDLR releases its bound ligand LDL within the acidic environment of 

early endosomes, and the receptor is sorted for recycling to the cell surface. However, PCSK9 becomes 

more tightly bound to the EGF-A domain of LDLR at acidic pH, and this persistent binding of PCSK9 

reroutes the receptor to lysosomes, where both PCSK9 and LDLR are degraded (Figure 2). The LDLR 

EGF-A domain binding site in PCSK9 is a large and relatively flat binding interface within the catalytic 

domain spanning from the N-terminal Ser153 to Ser381 [122]. It is within this region that therapeutic 

PCSK9i-mAbs bind to PCSK9 and prevent its interaction with cell surface LDLR [123]. 

The nonproteolytic mechanism of action of PCSK9 is unique among PCs [14]; however, this is not 

unique within the serine protease family. For example, the hepatocyte growth factor/scatter factor 

(HGF/SF) also performs its function by binding its target protein rather than a proteolytic mechanism 

[124]. PCSK9’s cleavage consensus motif (non-basic) is another unique aspect of this protease, and this 

might explain why PCSK9 may not cleave any substrate other than itself [32]. Interestingly, a recent 

preprint by Pandya et al. [125] suggested SARS-CoV2 (severe acute respiratory syndrome coronavirus 

2) as a possible substrate of PCSK9; thus, it cannot be ruled out that PCSK9’s inherent protease activity 

is activated under certain circumstances, even if not required for its role in LDLR degradation. The 

PCSK9 prodomain extends into the catalytic pocket, shielding further substrate from accessing this cat- 

alytic (active) site [113, 114] with no clear target loops for a secondary proteolysis event that could cause 

prodomain dissociation [113]. Presumably, the prodomain would need to dissociate for PCSK9 proteo- 

lytic function on SARS- CoV-2 or other substrates. 
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Figure 2: Schematics of PCSK9-LDLR degradation pathway. There are two PCSK9- mediated 

LDLR degradative pathways: i) intracellular: PCSK9 binds LDLR at the secretory compartment and chaperones 

the LDLR from the trans-Golgi to the lysosome for degradation, and ii) extracellular: secreted mature PCSK9 

can also bind the cell surface LDLR, and upon internalization, PCSK9 bound LDLR within the acidic early endo- 

some (depicted in red square) remain tightly associated, disrupting the LDLR recycling and rerouting both the 

receptor and PCSK9 to the lysosome for degradation. 
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1.3 PCSK9 and Hypercholesterolemia 

Plasma atherogenic cholesterol concentration is primarily a product of the circulating cholesterol levels 

transported within apoB100-containing lipoproteins in the form of LDL and, to some extent, VLDL, IDL 

(intermediate-density lipoproteins), and Lp(a) [1, 8, 126-128]. This is determined by several factors 

within the context of the following classification – primary (genetic), secondary (intake of drugs or high 

saturated fat), or multifactorial (mostly hyperlipidemia) [1, 128, 129]. Of the three, the primary and 

secondary combined account for over 80% of hypercholesterolemia – a markedly elevated plasma ath- 

erogenic cholesterol concentration [129, 130]. FH is one of the most common genetic disorders, affecting 

~1:250 people globally. FH is mainly inherited in an autosomal co-dominant form, with the majority of 

these cases (85-90%) due to inactivating mutations in LDLR. More than 2300 different FH-associated 

LDLR mutations have been identified to date. Less common are mutations in APOB (~5% of FH cases) 

encoding apoB100, a structural protein of the LDL particles and ligand of LDLR. Most rarely, FH can be 

caused by GOF mutations in PCSK9 (˂1%) [9, 131-136]. Evidence has also identified some sporadic 

variants causing FH, such as mutations in LDLR-adaptor protein (LDLRAP1), apolipoprotein E (APOE), 

lysosomal acid lipase (LIPA), signal-transducing adaptor protein family 1 (STAP1), and Patatin-like 

phospholipase-domain-containing family (PNPLA5) [131, 134]. 

 

 

1.3.1 PCSK9 in FH 

 

Although GOF mutations in PCSK9 account for ˂ 1% of FH cases, it is the second locus implicated in FH 

through the post-transcriptional regulation of the LDLR [9, 137]. Hepatic LDLR is primarily responsible 

for regulating and clearing LDL-C from the circulation by binding the apoB100 moiety on LDL and me- 

diating the endocytic uptake and release of this lipoprotein in early sorting endosomes [1, 81]. Upon 

internalization, the LDLR releases itself from this complex within the acidic environment of the 
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endosomes and recycles to the cell surface to continue the uptake process [81]. Disruption of this LDLR 

function, either due to the mutation in LDLR, LDLR's inability to recycle to the cell surface, or mutation 

in APOB to disrupt the LDL-LDLR interaction, would result in FH. Circulating PCSK9 can also bind to 

LDLR at the cell surface through the LDLR EGF-A domain [11, 14]. Upon internalization, the PCSK9- 

LDLR complex is routed to the lysosome for degradation. As a result, LDLR recycling is interrupted in 

the presence of bound PCSK9, thus decreasing the protein level of LDLR on the cell surface [11, 14]. 

Thus, GOF PCSK9 mutations that increase LDLR degradation are causative for FH [11, 138-140]. Con- 

versely, evidence indicates that loss-of-function (LOF) mutations in PCSK9 are associated with life-long 

reductions in plasma circulating cholesterol and are protective against CVD [141-143]. 

 

 

1.4 PCSK9 and Lipoproteins 

Along with nucleic acid, proteins, and carbohydrates, lipids are the other main human organic molecules 

essential for biological function. Due to their hydrophobic nature, lipids require packaging and trans- 

portation within human circulation in lipoproteins, a concept that first originated from the realization 

that plasma lipids were bound to protein [144]. Structurally, lipoproteins are complex macromolecules 

with a central hydrophobic core of non-polar lipids, primarily triglycerides and cholesterol esters, sur- 

rounded by a hydrophilic membrane, mainly free cholesterol and phospholipids and specialized proteins 

called apolipoproteins which consist of a single polypeptide chain [145]. Evidence supports that apolipo- 

protein, relative to the lipid content, determines the functional role of these complexes, contributing to 

the complex stability, acting as a ligand for cell surface receptors, and as a cofactor for metabolism 

[146]. Factors such as metabolic, feeding, and hormonal states constantly influence the re-modulation 

of plasma lipoproteins in their lipid-to-protein ratios, shaping their eventual biological function, which 

also extends to the transport of bacterial endotoxin from invasion sites to the liver [145, 147, 148]. 
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Interestingly, an association between lipoprotein synthesis and PCSK9 has been established [81, 149]. 

Based on size, density, and protein composition, lipoproteins are classified into seven classes: chylomi- 

crons, chylomicron remnants, VLDL, IDL, LDL, HDL, and Lp (a) [145], and some suggestions indicate 

the level of interactions with PCSK9 varies from one class to another [81, 149]. 

 

 

1.4.1 Chylomicrons. 

With about 99% of its constituent being lipid, chylomicrons are the largest lipoproteins in human circu- 

lation, with apoB48 as the primary protein component. However, they also contain apo A-I, A-II, and 

A-IV and acquire apo E and C from HDL after they have been secreted [146, 150]. Chylomicrons arise 

solely from the intestine and are primarily responsible for transporting dietary fat and fat-soluble vita- 

mins in the circulation. Although evidence suggests that the primary determinants of chylomicron pro- 

duction/size are the fed/fasted state, the rate of dietary fat absorption, and the type and amount of fat 

absorbed, their production is also highly regulated through either paracrine or systemic factors [150- 

152]. Interestingly, the intestine also represents the second largest source of circulating PCSK9 [10, 12]. 

It was recently demonstrated that PCSK9 stimulates chylomicron production by upregulating apoB48 

expression at the transcriptional and posttranscriptional levels and the lipid content of chylomicrons 

[153, 154]. Although apoB48 is less than 2% of chylomicron mass, it is critical for chylomicron assem- 

bly and metabolism [146, 150]. The suggestion that PCSK9 is involved in the mRNA and protein ex- 

pression level of these significant components of chylomicron indicates yet another critical role of 

PCSK9 in cellular homeostasis [153]. It is worth noting that overproduction or poor clearance of chylo- 

microns, leading to increased residence time within the circulation, is implicated in postprandial 

hypertriglyceridemia, an independent risk factor for atherosclerosis [155]. Furthermore, reducing the 

production of chylomicrons could represent a potential target for reducing the initiation or progression 
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of atherosclerosis [152-154]. 

 

 

 

1.4.2 Chylomicron remnants 

As previously stated, chylomicrons are synthesized in the intestine [150] and enter the circulation as 

carriers of dietary triglycerides, which are hydrolyzed by lipoprotein lipase (LPL) into monoglyceride 

and free fatty acid (FFA) that are then absorbed by the extrahepatic tissues or cells for immediate use or 

storage [156-158]. The removal of triglyceride by the various cells or tissues through the actions of LPL 

results in chylomicron remnants, which are enriched in fat-soluble vitamins and acquire the exchangea- 

ble apolipoprotein apoE [145, 156]. It has been demonstrated that the inactivation of LPL or its cofactors 

results in the build-up of chylomicrons and triglycerides in circulation [156-158]. In healthy humans, 

chylomicron remnants are rapidly removed from the circulation by the liver through the apoE ligand via 

LDLR and LRP1 [145, 156, 159]. Interestingly, since PCSK9 induces LDLR degradation [11, 92], it 

could increase the residence time of the chylomicron remnants within the circulation. 

 

 

1.4.3 Very Low-density lipoprotein (VLDL) 

Within human circulation are two established lipoprotein pathways: exogenous and endogenous. While 

exogenous substances originate in the intestine with dietary lipids, endogenous substances begin in the 

liver by packaging and secretion of triglyceride-rich VLDL particles [145]. With apoB100 as its core 

structural protein [160], VLDL also contains apo C-I, II, III, and E [157, 161]. Like intestine-derived 

chylomicrons, liver-derived VLDL transports lipids to extrahepatic tissues for immediate use or storage 

after hydrolysis by LPL [157]. Of note, the non-exchangeable apolipoprotein in VLDL is apoB100, 

indicating its critical structural role in the packaging/secretion of VLDL [162], partly explaining why 

APOB is the second locus implicated in FH [139]. ApoB100 secretion from the liver is highly regulated 
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at the posttranslational level, with poorly lipidated protein being degraded [163]. Interestingly, PCSK9 is 

suggested to be involved in this regulation by inhibiting intracellular apoB100 degradation and enhancing 

its secretion [139, 160]. 

 

 

 

1.4.4 Intermediate-density lipoprotein (IDL) 

 
Also known as VLDL remnant, IDL complexes are enriched in cholesterol primarily because of the 

removal of triglycerides, the core lipid from the VLDL hydrolyzed by LPL for cell and tissue utilization 

[145]. As it is produced from a VLDL precursor, IDL contains apoB100 as its core structural protein 

and acquires the exchangeable LDLR and LRP1 ligand apoE [145, 162]. Although IDLs are proathero- 

genic due to the enriched cholesterol content, they are short-lived as they are rapidly endocytosed 

through receptor-mediated interactions or metabolized further into LDL [145]. 

 

 

1.4.5 Low-density lipoprotein 

 
With about 75% lipid and 25% protein, primarily apoB100, LDL particles are the primary cholesterol 

carrier in human circulation [164]. Among the different circulating lipoproteins, LDLs are the only 

known particle to undergo structural transition close to body temperature, although the physiological 

relevance remains unclear [165]. Structurally, LDL is a highly heterogeneous particle with two major 

compartments: the neutral lipid core, which consists mainly of cholesterol esters and, to a lesser extent, 

triglycerides, and an outer amphipathic monolayer that contains free cholesterol and phospholipid, with 

an embedded single copy of apoB100 around the roughly spherical structure [165, 166]. Of the 75% 

lipid, ~30% are outer membrane phospholipids, primarily phosphatidylcholine (PC) (65%) and sphin- 

gomyelin (SM) (25%) [167]. Furthermore, LDL particles can be subdivided into large buoyant, 

intermediate, and small dense sub-species [168] that are distinct in their molecular characteristics such 
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as receptor affinity, atherogenic behavior, and susceptibility to modification [165]. 

 

 

 

1.4.6 LDL-PCSK9 binding 

Current evidence supports that PCSK9 can form a protein-protein interaction with apoB100 of LDL 

particles [169-171]. Although a previous study had suggested that PCSK9 in human serum is likely not 

associated with any specific lipoprotein [172], further evidence indicated that harsh conditions for lipo- 

protein isolation, such as high-salt ultracentrifugation were the likely reason as this method results in 

the dissociation of PCSK9 from LDL [171]. Detailed studies using density gradient separation from our 

group and others have shown that PCSK9 was indeed contained in the LDL fraction isolated from human 

plasma [169, 171]. Through mechanistic studies, our group demonstrated that PCSK9 binds to LDL in a 

specific and saturable manner with a measured affinity (KD) of ~350nM, which is similar to that of the 

LDLR-PCSK9 binding interaction [169]. We have also determined using mapping studies that the LDL- 

PCSK9 binding interaction requires the IDR in the N-terminus of the PCSK9 prodomain [169, 173]. 

This disordered region of PCSK9 is enriched in acidic residues, and we and others have previously 

identified it as an allosteric autoinhibitory domain to the PCSK9-LDLR binding interaction [169, 174]. 

As previously stated, LDL particles can be subdivided into large buoyant, intermediate, and small 

dense sub-species [168] with distinct molecular characteristics, such as receptor affinity, atherogenic 

behavior, and susceptibility to modification [165]. As PCSK9 forms a protein-protein interaction with 

apoB100 of LDL particles [182-184], it is logical to assume that the various subspecies of LDL or oxida- 

tive modifications might affect PCSK9 binding. It is also unclear how post-translational modifications 

of PCSK9 affect its binding interaction with LDL. Tavori et al. [175] provided evidence that f-PCSK9 

is not associated with apoB100, and LDL:PCSK9 interaction might protect against furin-induced prote- 

olysis of PCSK9. The former may be explained by the finding that the prodomain of PCSK9 readily 
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dissociates from f-PCSK9 and that the prodomain has been shown to be critical to PCSK9-LDL associ- 

ation [169, 173]. 

 

 

1.4.7 High-density lipoprotein 

HDL particles are heterogeneous groups of particles ranging between 8-10 nm in mean size and density 

of 1.063 – 1.21 g/ml that have cholesteryl ester and triglycerides as their core lipid surrounded by an 

amphipathic layer of free cholesterol, phospholipids, and apolipoproteins [176- 178]. Unlike LDL, 

which is derived from the catabolism of circulating VLDL in humans through the action of LPL, HDL 

synthesis occurs both in the intestine and the liver, and evidence suggests that the origin determines the 

apolipoproteins it carries. While liver-derived HDL contains A-type and C-type apolipoproteins, intes- 

tine-derived HDL contains only A-type [179, 180]. In humans, regardless of origin, HDLs are natural 

delivery carriers of lipids, proteins, vitamins, hormones, and even micro-RNAs to distal organs, and 

evidence indicates that about 87 different proteins are contained within each HDL particle [177]. This 

large number of proteins explains, in part, why HDL is the most protein-enriched lipoprotein of all the 

circulating lipoproteins and perhaps also antiatherogenic, anti-inflammatory, and immune-induced re- 

sponse effects that have been attributed to HDL. The role of HDL in reverse cholesterol transport is the 

most well-characterized aspect of its biological functions, in which excess cholesterol from peripheral 

tissues is exported to HDL or pre-HDL acceptors (mainly lipid-poor apoA-I) and transported through 

the plasma compartment back to the liver for eventual intestinal excretion [176-178, 180]. 

Based on a co-immunoprecipitation analysis, Burnap et al. [181] had suggested that HDL, not LDL, is the 

primary lipoprotein carrier of PCSK9 in human circulation. Furthermore, PCSK9-induced LDLR deg- 

radation and other PCSK9 functionalities were suggested to be potentiated by its association with apoA- 

1 of HDL [101]. However, more recently, Dafnis et al. [100] showed that PCSK9 is only minimally 
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associated with HDL in human plasma (~6% of total PCSK9) but that PCSK9 may indirectly attenuate 

the anti-atherogenic properties of HDL in endothelial cell activation. 

 

 

1.4.8 Lipoprotein (a) [Lp(a)] 

 
First described in 1963 as having LDL-like properties, Lp(a) is a unique lipoprotein only found in hu- 

mans, old-world monkeys, and hedgehogs [145, 167, 182, 183]. Structurally, Lp(a) is a variant of LDL 

with an additional protein called apolipoprotein (a) [apo(a)] covalently bound to the apoB100 through a 

disulfide bridge [167, 182, 184]. Of note, apo(a) has been likened to plasminogen, and there are indica- 

tions that it may have evolved either through duplication, deletion, gene conversion, and even point 

mutations [184], fueling speculation that Lp(a) might have a role in wound healing and tissue repair 

[182, 184]. Elevated plasma Lp(a) levels are an independent risk factor of AS progression, and it has 

been demonstrated that Lp(a) binds and transports oxidized phospholipid (oxPL) in human circulation, 

which has been shown to induce an immune response, initiate proinflammatory signaling, and contribute 

to plaque vulnerability [185]. 

PCSK9i-mAb therapies consistently lower Lp(a) levels by 20-30% in clinical trials [186], an effect that is 

not altered due to the lack of LDLRs in homozygous FH [187]. Kinetic analysis in humans shows that 

PCSK9i-mAb therapy mainly decreases Lp(a) production with a lower effect on Lp(a) catabolism [188]. 

Furthermore, evidence suggests PCSK9 interacts with Lp(a) by modulating its secretion and not by 

modulating its cellular uptake via LDLR, which binds poorly to Lp(a) [183, 189]. Even though more 

than 30% of circulating PCSK9 are LDL-bound [169, 171], PCSK9 was found to be preferentially as- 

sociated with Lp(a) compared to LDL particles in subjects with high Lp(a) levels; thus, the mechanism 

of PCSK9 binding may be identical between these closely-related lipoprotein particles [190]. This per- 

haps gives clarity to prior studies suggesting a positive correlation between plasma PCSK9 and Lp(a) 
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concentration in type 2 diabetic mellitus (T2DM), as Lp(a) and PCSK9 are shown to be elevated in these 

populations [191, 192]. 

 

 

1.5 PCSK9 and vascular inflammation 

Continuous accumulation of modified LDL within the arterial walls due to persistently elevated plasma 

cholesterol is an initiating event in atherosclerosis development and progression [8]; however, chronic 

vascular inflammation is also considered an independent critical factor [6, 7]. Vascular inflammation is 

a response triggered by damage to the vasculature, accompanied by infiltration, modification, and reten- 

tion of LDL within the arterial walls and accelerated by elevated plasma LDL-C [8]. The role of PCSK9 

in this process in the context of elevated plasma cholesterol is well-established. Independent of the 

LDLR, PCSK9 has also been implicated in the TLR4 (toll-like receptor 4)/NF-KB (nuclear factor kappa- 

light B cells) proinflammation pathway [193]. Interestingly, TLR4 is involved in both local and systemic 

immune responses, and PCSK9 overexpression has been shown to upregulate TLR4 [193], although the 

underlying mechanism remains unknown. One aspect of the immune response is the secretion of pro- 

resolving molecules such as proinflammatory cytokines [109]. It is tempting to speculate that TLR4 

upregulation by PCSK9 may enhance the secretion of proinflammatory cytokines as part of the immune 

response. Local PCSK9 expression was reportedly increased in atherosclerotic lesions [194], which 

could further fuel the release of more proinflammatory cytokines. 

Although the liver is the major source of circulating PCSK9, it is also expressed in various cell types 

within atherosclerotic lesions, including macrophages (albeit at a lower level), vascular smooth 

muscle cells, and endothelial cells, and thus could achieve high local concentrations and interact with 

cellular processes within the artery wall [23, 195]. Interestingly, endothelial cells are critical in regulating 

vascular tone and maintaining vascular homeostasis, such as smooth muscle proliferation and 
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inflammation [196]. While the role of PCSK9 in endothelial dysfunction might be initially related to 

hypercholesterolemia associated with LDLR degradation driven mainly by liver-derived circulating 

PCSK9 since inflammation has been shown to upregulate both systemic and local PCSK9 expression 

[87, 193], this could potentially exacerbate chronic inflammation via LDLR-independent mechanisms. 

LDL particles are prone to oxidation in the circulation due to the imbalance between reactive oxygen 

species production (ROS) and radical scavenger production (antioxidant defense system) [197], leading 

to the production of ox(oxidized)-LDL. A significant source of oxLDL is from the injured arterial walls 

through inflammatory pathways involving ROS generation [198]. Interestingly, PCSK9 is suggested to 

amplify ROS in vascular cells [199, 200]. Similarly, oxLDL upregulates ROS production, which further 

mediates oxLDL production in a positive feedback loop [201-204]. Although speculative, PCSK9 and 

oxLDL could provide crosstalk in proinflammatory processes. OxLDL belongs to native molecules 

known as “danger-associated molecular patterns” (DAMPs) that are induced by inflammation and then 

bind to signaling scavenger receptors and amplify the immune response to inflammation, tissue injury, 

and oxidative stress [205, 206]. As such, the uptake and generation of oxLDL in the endothelium further 

exacerbates chronic inflammation and drives atherosclerosis progression. 

Elevated plasma PCSK9 and oxLDL are also implicated in platelet activation [207, 208]. While oxLDL- 

induced platelet activation is suggested to be CD36 mediated [207], elevated plasma PCSK9 was linearly 

correlated with 11-dehydro-thromboxane B2, a molecule released in response to activated platelets [208], 

suggesting a possible role of PCSK9 in platelet activation [25]. Upon recruitment to the vascular wall, 

activated platelets promote vascular inflammation through the secretion of various chemokines [209- 

211]. 

Furthermore, as previously stated, inflammation upregulates the expression of systemic and local 

PCSK9 [193, 194, 212]. Interestingly, furin is upregulated in an inflammatory state; reciprocally, its 
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bioactivities also upregulate factors that further enhance vascular inflammation, suggesting a feedfor- 

ward mechanism [51, 52, 213]. Due to the enhanced activity of furin during local or systemic-induced 

inflammation, it logically follows that the f-PCSK9 protein level would also be upregulated; however, 

the functional consequence of this is unknown. Although furin proteolysis inactivates the LDLR-binding 

function of PCSK9 [20], it remains unexplored whether f-PCSK9 is also inert in terms of other PCSK9 

interactions. 

 

 

1.5.1 Scavenger receptors 

First described and with the name coined primarily because of their inability to bind n(native)-LDL 

[214], scavenger receptors (SRs) belong to a large superfamily of cell-surface receptor proteins that are 

functionally and structurally diverse [215-217]. This family shares no structural resemblance; however, 

reports suggest they recognize unmodified proteins, modified molecules such as DAMPs, and several 

microbial structures such as PAMPs (pathogen-associated molecular pattern), LPS (lipopolysaccharide), 

LTA (lipoteichoic acid), etc. [214], an indication suggesting mutual ligands among this family. Recog- 

nition of these various structures, in turn, elicits an innate immune response, which explains why SRs are 

also called pattern recognition receptors (PRR) [214-217]. Based on their domain structure, they are 

grouped into ten classes (A-J), and members within a class share sequence similarity and function. How- 

ever, they generally function through phagocytosis, endocytosis, adhesion, and signaling mechanisms 

[216]. Although SRs are expressed mainly by myeloid cells, recent work has demonstrated crosstalk 

between SRs and PCSK9 [204, 217]. 

 

 

1.5.2 Cluster of Differentiation 36 (CD36) 

CD36 belongs to a superfamily known as the scavenger receptor class B (SR B), which consists of three 
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principal members: the SR-B1, SR-B2, and CD36 (SR-B3) [218-220]. CD36 is a cell surface multiligand 

receptor expressed in many cells and tissues, such as hepatocytes, macrophages, intestine, adipose tissue, 

skeletal muscle, monocytes, platelets, and heart [218-221]. This may explain the involvement of CD36 

in roles such as mediating fatty acid transport and metabolism, facilitating oxLDL uptake into macro- 

phages, cholesterol efflux, and the selective delivery of lipoprotein cholesteryl esters [218, 219]. There- 

fore, this receptor is a critical player in lipid homeostasis. Emerging evidence suggests an interaction 

with caveolin [220], possibly aiding in cellular fatty acid uptake as CD36 recycles between the cell sur- 

face and the endosome [220]. Not only does CD36 bind and internalize oxLDL in macrophages, con- 

tributing to foam cell formation because of cholesterol and other lipid accumulation and exacerbating 

chronic vascular inflammation, CD36 is also a receptor for unmodified phosphatidyl serine (PS), and 

the modified PS (oxPS) expressed on apoptotic cell surfaces [222]. CD36 also exacerbates chronic vas- 

cular inflammation through other roles, such as in platelet activation [148]. 

It has been suggested that CD36 forms a protein-protein interaction with PCSK9 at the cell surface, and 

upon endocytosis, this results in the lysosomal degradation of the CD36, ultimately affecting the cellular 

uptake of fatty acid [91, 218]. Of note, PCSK9 also induced intracellular CD36 degradation within the 

secretory pathway [218]. Interestingly, PCSK9 and CD36 are both expressed on macrophages 

(albeit lower PCSK9 expression) [23, 195, 218-221], suggesting a possible interaction of these two pro- 

teins on macrophages. Although this may induce CD36 degradation, the interaction between CD36 and 

PCSK9 might also lead to downstream signaling [223]. 

 

 

1.5.3 Lectin-Like Oxidized low-density lipoprotein (LOX1) 

CD36 is not the only SR interacting with PCSK9; it has also been suggested to interact with LOX1[204]. 

LOX1 is a class E scavenger receptor (SR E), one of the seven-member families of the Dectin-1 cluster, 
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belonging to the C-type lectin receptors superfamily [224-226]. LOX1 is also known as oxidized LDL 

receptor 1 (OLR1) because it is the primary receptor for oxLDL on macrophages, smooth muscle cells, 

and endothelial cells, among others, although SR class A and CD36 are also receptors for oxLDL on 

these cells. However, LOX1 can recognize minimally oxidized LDL (mmLDL), while CD36 recognizes 

only moderate to fully oxidized LDL [226-229]. LOX1 binds oxLDL with high affinity and, noticeably, 

can also bind a broad spectrum of structurally distinct ligands, such as bacterial products, C-reactive 

proteins, and advanced glycation end-products (AGEs) with similar affinity [224]. Interestingly, these 

ligands also upregulate LOX1 protein and gene expression levels and are involved in upregulating 

LOX1- mediated signaling pathways directly or indirectly [204, 229-233]. This explains why LOX1 

expression is generally low across the different cells where it is expressed, and binding to these various 

ligands would rapidly upregulate its expression level for further binding interactions, resulting in a feed- 

forward mechanism [227]. 

Furthermore, LOX1 is implicated in the initiation and progression of atherosclerosis. However, this role 

is considered multifactorial, mainly through involvement in endothelial dysfunction, monocyte recruit- 

ment, platelet activation and aggregation, foam cell formation, and interaction with PCSK9 [201-204, 

234, 235]. Indeed, crosstalk between LOX1 and PCSK9 has been reported, leading to enhanced pro- 

inflammatory signaling and positive feedback on expression levels of both proteins in an inflammatory 

state [204, 229]. 

1.6 Regulation of circulating PCSK9 

Increased systemic or local expression of PCSK9 in response to different stimuli is suggested to be 

involved in lipid homeostasis, cardiovascular complications, induced immune response, cellular func- 

tions, and signaling pathways [9, 11, 75, 91, 98, 104, 235]. These stimuli are known to be tightly regu- 

lated at the transcription and posttranscriptional levels [236]. 
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1.6.1 Transcriptional 

PCSK9 is mainly regulated by sterol regulatory element-binding protein-2 (SREBP-2), a membrane- 

bound transcription factor that regulates multiple genes, including LDLR, involved in cholesterol bio- 

synthesis and uptake [15, 81, 237, 238]. Cholesterol, a 27-carbon polycyclic molecule, plays a critical 

function in the maintenance of the integrity and fluidity of the cell membranes; it is the precursor for 

steroid hormones, vitamin D, bile acids, and in the formation of caveolae, and the covalent modification 

of embryonic signaling proteins [72, 196-198]. Due to cholesterol's critical role in cellular function and 

because it is not an energy source and cannot be broken down by any known enzyme from its lipid core, 

its biosynthesis and uptake are tightly regulated to maintain homeostatic balance [72, 239]. SREBP 

isoforms are members of the basic- helix-loop-helix-leucine zipper family of transcription factors that 

function through the binding to the sterol regulatory elements (SRE) in their promoter regions [72, 238, 

240, 241]. While SREBP-2 is mainly involved in cholesterol homeostasis, SREBP-1c is involved in 

regulating fatty acid, triacylglycerol, and phospholipid, thus working together with SREBP-2 to main- 

tain overall membrane lipid balance. 

Following its initial synthesis as an inactive ER-bound protein, SREBP-2 is activated through limited 

proteolysis [235]. Within the ER, and in response to elevated cellular cholesterol, SREBP- 2 is in complex 

with SREBP cleavage-activating protein (SCAP) and insulin-induced gene protein (Insig). Upon deple- 

tion of cellular cholesterol, Insig detaches from the SREBP:SCAP complex, allowing for its incorpora- 

tion into transport vesicles and transport to the Golgi where proteolytic cleavage of the precursor mem- 

brane-bound SREBP2 occurs, releasing a soluble active transcription factor form that then translocates 

to the nucleus where it binds to SRE elements and activates its target genes, including LDLR and PCSK9 

[81, 238, 240, 242]. This creates a paradoxical situation as PCSK9-mediated LDLR degradation would 
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counter the cellular need to increase cholesterol levels. Thus, it is likely that PCSK9 activity is also subject 

to post-translational regulation; however, these mechanisms remain poorly understood. Besides SREBP- 

2, the PCSK9 promoter contains a functional binding site for hepatocyte nuclear factor-1α (HNF-1α), a 

liver-enriched transcription factor [81, 105]. As previously mentioned, [10, 12] besides the liver, PCSK9 

is also secreted in the intestine, the brain, and the kidney. Interestingly, HNF-1α has also been shown to 

have some role in these tissues [243]. A synergy between HNF-1α and SREBP-2 in upregulating PCSK9 

has also been suggested [105]. There are suggestions that PCSK9 expression could be upregulated under 

the feeding state by transcription factor E2F2 through binding to the PCSK9 promoter region, and SP1, 

which is located upstream of SRE, is also suggested to influence PCSK9 expression but independent of 

the cellular cholesterol level [105]. 

Furthermore, age and sex have also been suggested to have a role in PCSK9 expression level [244]. The 

sex difference could be associated with hormonal differences, as it was indicated that the PCSK9 ex- 

pression level was higher in females [245]. Growth hormones have also been implicated in the post- 

transcriptional regulation of PCSK9, as well as fasting and refed states [246]. In addition, there are 

indications that exercise may influence PCSK9 expression levels [247] along with natural plant extracts 

such as berberine that act through HNF-1α-mediated transcriptional effects [248]. Thus, while PCSK9 

and LDLR expressions are partially co-regulated via SREBP-2, there are multiple alternate transcrip- 

tional regulators of PCSK9 expression that could alter this balance in certain settings. 

 

 

1.6.2 Non-transcriptional 

Post transcriptionally, miRNA is suggested to have a role in PCSK9 regulation by its target of 3’ UTR 

of the PCSK9 mRNA [105]. Although evidence remains limited, there are indications that PCSK9 ex- 

pression is regulated by blood flow rate through the TLR4-MyDD-NF-kB signaling pathway [105]. As 
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mentioned, PCSK9 can also bind to plasma lipoproteins. Regulation of its LDLR-degrading ability via 

these interactions could allow PCSK9 activity to be responsive to aspects of intravascular lipoprotein 

metabolism, such as lipolysis and lipoprotein remodeling during the fasting/feeding cycle. 

 

 

1.6.3 LDL as a regulator of PCSK9 

Current evidence supports that PCSK9 binds to apoB100 of LDL particles [169, 171], with ˃30% of 

circulating PCSK9 in normolipidemic humans bound to this LDL protein moiety [169]. A recent mecha- 

nistic study in our group supports that LDL binding stabilizes an allosteric interdomain interaction in 

PCSK9 that inhibits its ability to bind and interact with the LDLR [173]. This study is consistent with 

previous findings in our lab that succinctly revealed in a cell-based assay that in the presence of a phys- 

iological concentration of LDL, PCSK9 displays a significantly decreased ability to degrade the LDLR 

[169]. We have also identified numerous GOF PCSK9 mutations associated with FH that abolished the 

LDL binding interaction in vitro [249], further supporting an inhibitory role of LDL binding in PCSK9 

regulation. Although unexplored, the LDL-PCSK9 interaction could also regulate PCSK9’s role in sys- 

temic inflammation, as plasma lipoproteins are critical in innate immunity, such as in the absorption and 

clearance of cytotoxic bacterial lipids [250-252]. 

 

 

1.7 Objectives and Hypothesis 

As mentioned [21-25], knowledge of PCSK9 biology has grown beyond its established role in regulating 

LDLR protein levels; several bodies of evidence suggest a direct role of PCSK9 in atherosclerosis, in- 

flammation, and other metabolic dysfunction. Of importance, the role of the f-PCSK9 subspecies in an 

LDLR-independent proinflammatory role is still unclear. Although the therapeutic monoclonal antibody 

that binds and blocks PCSK9:LDLR binding interaction [27] also shows other beneficial effects, such 
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as arrest of inflammation progression [28], the underlying mechanism(s) remain unknown. There is also 

concern about the cost of this therapy [26]; thus, improved knowledge could lead to better and more 

cost-effective therapies targeting specific aspects of PCSK9 function. The f-PCSK9 physiological func- 

tion is still unclear, other than the noticeable effect that it is inert in LDLR degradation due to the removal 

of a portion of the PCSK9 catalytic domain involved in LDLR binding [19]. Over the years, our group 

has focused on the structure-function aspect of PCSK9 biology to understand the role of subtle structural 

changes in PCSK9 bioactivities. This thesis examines alternate conformations of PCSK9 to further en- 

hance our understanding of how these slight structural changes affect PCSK9's physiological roles 

through the following: 

1- The impact of alternate conformation of PCSK9 prodomain and how it affects PCSK9 biological func- 

tion. We hypothesize that critical residues in the prodomain propagate structural changes in the catalytic 

domain, resulting in a lower LDLR binding affinity. Furthermore, the LDL-PCSK9 association would 

‘lock in’ an auto-inhibited conformation 

2- Further examine the functional effect of removing the N-terminal region of the PCSK9 catalytic domain 

by furin, with a focus on how this removal affects PCSK9 bioactivity in the context of the PCSK9-LDL 

interaction. 

3- Our final objective was to investigate the role of furin proteolytic processing on PCSK9 bioactivities in 

the context of PCSK9's role in inflammation. We hypothesize that furin proteolysis improves PCSK9- 

lipoprotein interactions, positively impacting atherosclerosis progression by mediating cell surface in- 

teraction of proinflammatory oxLDL. 
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Chapter 2: Key Residues within the PCSK9 Intrinsically Disordered Region are 

involved in PCSK9 binding to LDL and LDLR. 

 

2.1 Introduction: 

 
Secreted mature PCSK9 consists of two non-covalently attached segments: the N-terminal prodomain 

(~14 kDa), which is released by autocatalytic processing in the ER, and a larger segment (~60 kDa) 

consisting of the catalytic and C-terminal domains (Figure 3B). In addition to blocking substrate access 

to the protease active site, the non-covalently attached prodomain also acts as a chaperone in the matu- 

ration/folding of the protein [31, 112]. A large (>500 Å) surface region of the catalytic domain (aa 153- 

381) contains the primary binding interface to the epidermal growth factor-like repeat A (EGF-A) domain 

of LDLR [14] (Figure 1B). Although completely removed from the binding interface of PCSK9 and the 

EGF-A domain of the LDLR, it has been shown that deletion of amino acids Gln31 – Leu52 within an 

N-terminal intrinsically disordered region (IDR) in the prodomain (herein referred to as Del53-PCSK9) 

(Figure 3) enhanced PCSK9’s binding affinity to LDLR ˃7-fold, possibly through relieving a negative 

allosteric mechanism in autoinhibition [122]. The N-terminal IDR is enriched in negatively charged 

amino acids (Asp and Glu) and is highly conserved across vertebrate species [174] (Figure 3C). 

Kosenko et al. [169] reported ~30 -40% of human plasma PCSK9 is LDL bound. Interestingly, this same 

study from the Lagace lab found that the Del53-PCSK9 variant was unable to bind LDL, indicating an 

essential role of the N-terminal IDR in the PCSK9-LDL interaction. It has been speculated that the nega- 

tive allosteric effect of the N-terminal 21 amino acids missing in Del53-PCSK9 is due to an intramolec- 

ular electrostatic interaction between the negatively charged residues of this segment with positively 

charged residues in the catalytic domain [174]. However, due to its location and inherent flexibility 

(Figure 3A), the N-terminal prodomain IDR in PCSK9 could potentially interact with multiple intra- 

molecular sites in any of the three domains of mature PCSK9 [253]. 
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Figure 3: Overview of PCSK9 IDR and the conserved residues (A) The struc- 

ture of PCSK9 modeled using AlphaFold, showing the three domains and including the PCSK9 

IDR, highlighting the first and second patches of amino acids within this segment and the so- 

called β0 strand. (B) Schematic of the secreted mature PCSK9 (intact) with the prodomain non- 

covalently attached to the catalytic domain. The amino acid sequence of the disordered N- 

terminal region (IDR), with particular emphasis on the 21 amino acids (Del53) within, with the 

first shaded in yellow (Del40) and the second patches of the charged residues shaded in pink. 

(C) Overview of PCSK9 IDR across species with the highly acidic residues highlighted in red 

(Holla Ø, L., et al., 2011). 

 

 

 

 

As seen in the PCSK9 IDR sequence (Figures 3A and B), two patches of negatively charged residues 

are separated by several hydrophobic residues. Deletion of either of the acidic patches or substitution of 

individual amino acids to uncharged residues was previously shown to have a lesser effect on autoinhibi- 

tion of LDLR binding/degradative function than the complete deletion (i.e., Del53-PCSK9), with the 

conclusion that length and overall negative charge of the IDR are the critical factors in its allosteric role 

rather than primary amino acid sequence [174]. In support of this notion, work from the Seidah group 

showed that the N-terminal IDR in PCSK9 could be swapped with an acidic IDR of similar length from 
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another protein (GPIHBP1: glycosylphosphatidylinositol-anchored high-density lipoprotein–binding 

protein 1) without loss of the autoinhibitory effect on LDLR binding [254]. By contrast, in terms of LDL 

binding function, recent work in the Lagace lab showed that deletion of only the first stretch of acidic 

amino acid residues, encompassing Asp33 to Glu40 (herein referred to as Del40-PCSK9), completely 

abolished the ability of PCSK9 to bind to LDL particles in vitro [173] as was also seen in previous studies 

of the larger deletion in Del53-PCSK9 [169]. 

The Del40-PCSK9 variant with the shorter deletion retains the second acidic stretch encompassing Glu48 

to Asp50, which could be brought into proximity to the arginine residues in the prodomain and catalytic 

domain interface to exert an autoinhibitory effect on LDLR binding affinity. Interestingly, this stretch is 

preceded by Ser47, which can be phosphorylated [255], thus adding to the negative charge. A nearby 

potential interactor of this second acidic sequence is the so-called β0 strand, a structural feature in the 

PCSK9 prodomain unique among the PCs, and which has been suggested to account for the firm retention 

of the PCSK9 prodomain to the rest of the protein [113, 114]. 

Collectively, the current literature supports that the two acidic sequences in the prodomain IDR both 

contribute to the complete autoinhibitory effect [174]. This is also supported by preliminary studies in 

the Lagace lab in which the Del40-PCSK9 variant was found to display only marginally increased LDLR 

binding compared to WT-PCSK9 (S. Sarkar, unpublished), suggesting that the key LDLR binding ef- 

fector lies upstream of this shorter deletion. This possibility is supported by the positioning of Glu48 to 

Asp50 near the β0 strand of the prodomain, which structural evidence suggests stabilizes the prodomain- 

catalytic domain interface. Therefore, we hypothesize that critical residues in the prodomain IDR 

regulate the stability of the prodomain-catalytic domain interface and are involved in autoinhibi- 

tion of PCSK9 by propagating structural changes that negatively affect the primary binding 
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interface with the LDLR EGF-A domain in the catalytic domain. Furthermore, the LDL-PCSK9 

association would ‘lock in’ this auto-inhibited confirmation, thus explaining how LDL binding in- 

hibits PCSK9. Mutating specific key residues would change PCSK9’s ability to regulate the LDLR and 

reinforce our earlier working hypothesis that not all the residues within Gln31 – Leu52 in PCSK9 IDR 

play an equal role in PCSK9 ability to regulate the LDLR protein level. 

 

 

2.2 Results: 

 

To further probe the autoinhibitory effect of the prodomain IDR on PCSK9-LDLR binding affinity, we 

first focused our attention on individual residues in the second acidic stretch (Glu48- Glu-Asp) to un- 

derstand how much of a contribution they each offer. This was done by mutating each of these acidic 

residues individually to either neutral Ala or positive-charged Arg. We also included in our study 

Glu48Lys, a natural GOF PCSK9 [249] mutation associated with FH, further suggesting the importance 

of the acidic Glu48 to LDLR binding. We transiently expressed these mutant PCSK9 constructs in 

HEK293 cells and collected and concentrated the conditioned medium containing secreted PCSK9 to 

assess cell uptake dependent on the cell surface LDLR interaction. In these experiments, an LDLR- 

encoding plasmid was first transiently expressed in HEK293 cells, followed by 3 h incubation with a 

medium containing WT or mutant PCSK9 in the presence of chloroquine to prevent lysosomal degrada- 

tion of internalized PCSK9. Our analysis showed that most of these amino acid substitutions did not 

affect LDLR-dependent PCSK9 uptake compared to WT-PCSK9 (Figure 4), with the exception of a 

significant ~75% increased uptake with Glu48Lys, a GOF PCSK9 mutation [249] along with a trend 

towards increased uptake for the Glu48Arg. This finding is consistent with previous studies finding that 

GOF PCSK9 mutations can, in some cases, increase PCSK9's ability to bind and interact with the LDLR 

[11, 138, 140]. The results in Figure 4 suggest that the ability of individual acidic residues to regulate the 
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allosteric inhibition of PCSK9-LDLR binding is limited, consistent with earlier work [174]. 

 

We next tested the cumulative effect of altering all 3 of the acidic residues along with Ser47, which, as 

mentioned above, can be phosphorylated to add to the negative charge of this region. Rather than delet- 

ing residues 47-50, we sought to preserve the relative spacing by replacement of Ser47- Asp50 with a 

disordered Gly-Ser-Gly-Gly linker (herein referred to as GSGG-PCSK9). There was no significant 

difference between GSGG-PCSK9 and Del53-PCSK9 in terms of increased LDLR-dependent PCSK9 

cellular uptake compared to WT-PCSK9 (Figure 5), as the disordered linker insertion may have dis- 

rupted the allosteric autoinhibition that was observed in the PCSK9 prodomain. 

 

 

Figure 4: Substituting Glu48 to Asp50 in PCSK9 IDR does not significantly affect 

LDLR interactions. 

 
Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT–or mutants or Del53–PCSK9, 

were transiently transfected into HEK293 cells. The conditioned medium containing secreted PCSK9 of these 

various mutants was harvested and quantified before proceeding to LDLR-dependent PCSK9 cellular uptake. 

HEK293 cells were transiently transfected with human wild-type (WT)- LDLR. 24 hours post-transfection, 

cells were treated with the mutants mentioned above obtained from the conditioned medium for 3 hours at 37⁰C 

in the presence of 50 µM chloroquine (CQ); the role of the CQ is to prevent the lysosomal degradation of 

PCSK9 by raising the lysosomal pH. Following the 3 hours incubation, cells were then lysed. uBCA was done 

to quantify the amount to be loaded, and proteins were resolved by SDS-PAGE and detected by western blotting 

using α-actin as a loading control. Quantification shown in the graph represents mean n=3 with standard error, 

and ****p≤0.0003 according to 1-way ANOVA. 
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Fig. 5: Substitution of S47EED to GSGG-PCK9 significantly enhanced LDLR binding 

interactions. 

Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT, Del40, GSGG, Del53, or 

empty vector, were transiently transfected into HEK293 cells. The conditioned medium containing these 

mutants’ secreted PCSK9 was harvested and quantified before proceeding to LDLR-dependent PCSK9 cel- 

lular uptake. 

Next, HEK293 cells were transiently transfected with human wild-type (WT)- LDLR. After 24 hours, the 

cells were treated with the conditioned medium or an empty vector and incubated for 3 hours at 37 °C in 50 

µM chloroquine (CQ). The CQ was used to prevent the lysosomal degradation of PCSK9 by raising the 

lysosomal pH. After the incubation, the cells were lysed, and the amount of PCSK9 was quantified using 

uBCA. The proteins were then resolved by SDS-PAGE and detected by western blotting using α-actin as a 

loading control. The LDLR-dependent PCSK9 cellular uptake was quantified using the Licor. The quantifi- 

cation shown in the graph represents the mean of n=3 with standard error, and the statistical significance was 

determined using 1-way ANOVA followed by Dunnett’s post test (*** p < 0.0002). 
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As mentioned earlier, the IDR of PCSK9’s prodomain is critical for the PCSK9-LDL interaction, as 

truncation of this region in Del53-PCSK9 abolishes LDL-PCSK9 binding [169]. Del53-PCSK9 displays 

both a ~4- to 7-fold enhanced PCSK9-LDLR binding and abolished LDL binding [169, 174, 254]. Key 

residues within this segment may be critical to PCSK9-LDL interaction. To understand the role of indi- 

vidual residues within this segment, we tested the effect of each on PCSK9’s binding interactions with 

LDL as above for the PCSK9-LDLR interaction after disrupting their molecular nature through site- 

directed mutagenesis to replace the native negatively-charged amino acid with either a neutral (Ala) or 

positive-charged (Arg) residue. Other than an Asp50-to-Arg substitution, the other individual substitu- 

tions did not significantly affect the binding of PCSK9 to LDL particles (Figure 6). These results suggest 

that individual residuals may have a subtle effect on PCSK9 structure; however, as in the case of previ- 

ous studies on the LDLR binding interaction [174], the impact is limited, and a factor of positioning 

within the IDR and overall negative charge of the segment. In that case, a complete disruption might 

result in a substantial impact by substituting critical residues or the charged environment. To this end, 

we tested the effect of the GSGG-PCSK9 variant in which the insertion of a disordered linker for the 

Ser47-Arg50 sequence disrupts the native amino acid molecular nature of this segment but preserves the 

relative spacing. Interestingly, there was about ~85% less binding interaction of GSGG-PCSK9 and 

LDL particles compared to WT-PCSK9 (Figure 7). As previously stated, [169, 173], Del53- and Del40- 

PCSK9 both abolish LDL-PCSK9 bindings. While GSGG-PCSK9 displayed a significant disruption in 

LDL binding but did not completely abolish this interaction, this suggests that the first acidic stretch from 

amino acids 31-40 plays the most critical role, with the second acidic stretch also contributing. Different 

combinations of double mutations from Ser47 to Asp50 were also attempted [Ser47 to Ala, Glu48 to 

Lys (SA+EK), Glu48 to Lys, and Asp50 to Ala (EK+DA) to understand better the cumulative effect for 

residues in the Ser47-Arg50 sequence on PCSK9-LDL binding. We observed that neither of these sets 
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of double amino acid mutations showed as strong of a disruptive effect on LDL binding as was seen for 

GSGG-PCSK9 (Figure 8). Of note, EK+DA-PCSK9 had the most disruptive impact on LDL binding 

compared to SA+EK, suggesting that positioning and the nature of the residues' charges might influence 

PCSK9's interaction with the LDL. However, although the SA+EK-PCSK9 variant did not have as ro- 

bust a disruptive LDL binding effect as EK+DA-PCSK9 or GSGG-PCSK9, its impact was still signifi- 

cant compared to WT-PCSK9. The stimulatory effect of these different combinational mutations in 

PCSK9 in terms of LDLR-dependent cellular uptake mirrored that of the inhibitory effect on LDL 

binding (Figure 9); while the interactions of these double mutants with LDLR were not as strong as 

GSGG-PCSK9, the stimulatory effect was significant when compared with WT-PCSK9. 

Given the above observations, we focused on the GSGG-PCSK9 variant to test if the enhanced LDLR- 

dependent cellular uptake could translate to increased endogenous LDLR degradation in Hepa1c1c7 

cells, a mouse hepatoma cell line with high levels of LDLR expression, especially precultured in sterol- 

depleting conditions (lipoprotein-deficient serum combined with a statin). As expected, the addition of 

GSGG-PCSK9 to the culture medium significantly induced the degradation of LDLR in these cells com- 

pared to WT-PCSK9 (Figure 10); however, Del53-PCSK9 was considerably more potent than GSGG- 

PCSK9. Notably, there was a >7-fold increase in cell- associated GSGG-PCSK9 prodomain as seen from 

western blots of whole cell lysates (Figure 10, lane 4), suggestive of a possible prodomain dissociation. 

GSGG-PCSK9 prodomain dissociation could be the likely reason for the reduced GSGG-PCSK9 ability 

to degrade the LDLR as efficiently as Del53-PCSK9. An effort was made to generate a recombinant 

PCSK9 prodomain as a single unit to understand better the effect of PCSK9 prodomain dissociation on 

the LDLR regulation, and this was unsuccessful, as was also reported in the literature. 



40  

 

 

 

 

 

 

 

 

 
 

 

 

1.0 

* P=0.0289 

 
0.5 

 

 
0.0 

 
 

 

**** P< 0.0001 

 
 

 
Figure. 6: Key residues in PCSK9 IDR affect LDL Association 

Plasmids encoding C-terminally FLAG-tagged full-length human PCSK9, either WT, mutants, or 

Del53-PCSK9, were transiently transfected into HEK293 cells. The conditioned medium contain- 

ing secreted PCSK9 was harvested and quantified prior to LDL binding. An equal amount of 

PCSK9 (~1μg) was incubated with LDL (0.5mg) at 37°C for 1 hour. Binding reactions were then 

subjected to density gradient ultracentrifugation for 2 hours to separate LDL-bound from the un- 

bound PCSK9. Following ultracentrifugation, an LDL-containing fraction of 0.5 ml was drawn 

using a 22G needle and then immunoprecipitated with anti-serum 1697 directed against human 

PCSK9; the relative LDL-bound PCSK9 was determined by western blotting and quantified by 

Licor. Quantification shown in the graph represents mean n=3 with standard error, and stars indi- 

cate statistical differences according to one sample t-test. 
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Figure 7: GSGG-PCSK9 Disrupt LDL-PCSK9 binding. 

Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT-, GSGG-, 

or Del53 –PCSK9, were transiently transfected into HEK293 cells. The conditioned me- 

dium containing secreted PCSK9 was harvested and quantified prior to LDL binding. An 

equal amount of PCSK9(~1µg) was incubated with LDL (0.5mg) at 37°C for 1 hour. 

Binding reactions were then subjected to density gradient ultracentrifugation for 2 hours 

at 4⁰C and 100,000 rmp to separate LDL-bound from the unbound PCSK9. Following 

ultracentrifugation, an LDL-containing fraction of 0.5 ml was drawn using a 22G needle 

and immunoprecipitated with anti-serum 1697 directed against human PCSK9. The rel- 

ative LDL-bound PCSK9 was determined by western blotting and quantified by Licor. 

The quantification shown in the graph represents the mean of n=3 with standard error, 

and the statistical significance was determined using 1-way ANOVA followed by Dun- 

nett’s post test (**** p < 0.0001). 
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Figure 8: Double substituting key residues in PCSK9 IDR negatively affects LDL binding. 

 
Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT-, SAEK-, EKDA-, or Del53 –PCSK9, 

were transiently transfected into HEK293 cells. The conditioned medium containing secreted PCSK9 of these 

mutants was harvested and quantified before proceeding to LDL binding. An equal amount of PCSK9 was incubated 

with isolated human LDL at 37°C for 1 hour. Binding reactions were then subjected to density gradient ultracentrif- 

ugation for 2 hours at 100,000 rmp to separate LDL-bound from the unbound PCSK9. Following ultracentrifugation, 

an LDL-containing fraction of 0.5 ml was drawn using a 22G needle and then immunoprecipitated with anti-serum 

1697 directed against human PCSK9. The relative LDL-bound PCSK9 was determined by western blotting and quan- 

tified by Licor. Quantification shown in the graph represents mean n=3 with standard error, and stars indicate statis- 

tical differences according to one sample t-test 
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Figure 9: Double substituting key residues in PCSK9 IDR significantly improves 

LDLR binding. 

Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT-, SAEK-, EKDA-, or 

Del53 –PCSK9, were transiently transfected into HEK293 cells. The conditioned medium containing 

secreted PCSK9 of these mutants was harvested and quantified before proceeding to LDLR-dependent 

PCSK9 cellular uptake. HEK293 cells were transiently transfected with human wild-type (WT)- 

LDLR. 24 hours post- transfection, cells were treated with plasmids encoding C-terminally FLAG- 

tagged full-length human PCSK9, either WT-PCSK9 or mutants from a conditioned medium for 3 hours 

at 37⁰C in the presence of 50 µM chloroquine (CQ); the role of the CQ is to prevent the lysosomal 

degradation of PCSK9 by raising the lysosomal pH. Following the 3 hours incubation, cells were then 

lysed. uBCA was done to quantify the amount to be loaded, and proteins were resolved by SDS-PAGE 

and detected by western blotting using α-actin as a loading control. Quantification shown in the graph 

represents mean n=3 with standard error, and stars indicate statistical differences according to one 

sample t-test. 
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Figure 10: PCSK9 prodomain dissociation significantly reduced LDLR regulation. 

Plasmids encoding C-terminally FLAG-tagged full-length PCSK9, either WT-, Del53-, or GSGG-PCSK9, were 

transiently transfected into HEK293 cells. The conditioned medium containing secreted PCSK9 of these mutants 

was harvested and quantified before proceeding to induced LDLR degradation assay. 

HepaIc1c7 cells were cultured in a sterol-depleting medium, treated with an equal amount of PCSK9 in the condi- 

tioned medium containing the previously mentioned PCSK9 mutants above, and incubated for 4 hours at 37⁰C. Fol- 

lowing 4 hours of incubation, cells were harvested and then lysed; the amount of protein to be loaded was deter- 

mined by uBCA, and proteins were resolved on SDS-PAGE and detected by western blotting. LDLR levels were 

normalized with transferrin receptor (Tfr). The graph is a representation of 3 independent experimental repeats. 

The statistical difference between Del53 and GSGG was according to the student t-test. 
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2.3 Discussion: 

The traditional protein structure paradigm dictates that a protein’s functions primarily depend on a fixed 

three-dimensional structure. Advances in structural biology have challenged this concept, suggesting 

that protein structure can be highly dynamic, and regions within proteins not captured by rigid structural 

analysis could be critical to the overall function of that protein [256]. One feature consistent with proteins 

is their structurally heterogeneous nature. Protein features comprise folded regions with variable confor- 

mational stabilities, including IDRs without a defined structural identity yet critical in the protein func- 

tion [256]. All protein-database deposited PCSK9 crystal structures, including full-length PCSK9, C- 

terminally truncated PCSK9, and PCSK9 in complexes such as with peptide inhibitors, all lack a portion 

of the N-terminal prodomain of PCSK9 encompassing residues Glu-31 (first residue after the signal 

sequence) to Thr-60 [257], indicative of a disordered state. One feature familiar with any IDR within a 

protein, which is also the case with N-terminal IDR of PCSK9 prodomain, is that they are often enriched 

in charged and polar amino acids with the potential to regulate the protein function through competitive 

interaction or allosteric modulation [174, 256, 257]. One way to alter this allosteric modulation or com- 

petitive interactions is by disrupting the mechanism through which this region affects the protein func- 

tion. The Del53-PCSK9 variant is reminiscent of the above concept by removing this region enriched in 

charged and polar amino acids. Indeed, evidence indicates that Del53-PCSK9 is hyperactive in cellular 

LDLR degradation, with 4 to 7-fold higher activity than WT-PCSK9 [169, 249]. This implies that this 

IDR of PCSK9 is autoinhibitory to PCSK9 bioactivities in the context of its interaction with the LDLR. 

It is also possible that all the native amino acids in the prodomain IDR may not contribute equally, with 

crucial residues having a significant effect. The role of this variant in other novel physiological functions 

of PCSK9 is still unclear, although it was shown to be critical in PCSK9 and apoB100 (LDL) interaction 

[169]. It remains to be determined whether the opposite roles of the prodomain IDR in the LDLR and 
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LDL binding activities of PCSK9 are interconnected mechanistically. For instance, binding to LDL could 

require, and even stabilize, an intramolecular interaction of the acidic IDR that is also involved in the 

autoinhibition of LDLR binding. In this manner, LDL association would inhibit PCSK9’s ability to 

bind and mediate degradation of LDLR and explain previous findings that LDL inhibits PCSK9-medi- 

ated LDLR degradation in cell culture [169] and that numerous FH-associated GOF PCSK9 mutations 

result in decreased or abolished ability to bind to LDL [173, 249]. 

Other than Glu48Lys, individual residues within this region show similar LDLR regulation as WT- 

PCSK9 (Figure 4), a point established earlier by Holla et al. [174], where it was suggested that the 

enhanced ability of the Del53-PCSK9 to regulate the LDLR could be a product of ‘electrostatic steering’ 

mechanism and individual residues likely contributing to the overall effect. On the other hand, individual 

residues could have an outsize effect based on their position within the IDR and, thus, their relative 

importance to intramolecular interactions involving the IDR. The GSGG-PCSK9 LDLR interaction at 

the cell surface supports this speculation (Figure 5), as there was no significant difference between it 

and Del53-PCSK9, containing a deletion of both acidic tracts in the IDR, in the regulation of LDLR, 

which gives credence to our working hypothesis that key residues could perhaps be the driving force of 

electrostatic steering and intramolecular interactions of the acidic prodomain IDR. Since the SA+EK- 

PCSK9 and EK+DA-PCSK9 double mutants of PCSK9 also showed enhanced LDLR regulation but 

still were not as potent as Del53-PCSK9 and GSGG-PCSK9, it is likely that even two amino acid com- 

binations are not sufficient to exert the full allosteric effect, but that it requires longer sequences of acidic 

residues and overall positioning with the IDR (Figure 9). 

Our results using site-mutagenesis analysis of the prodomain IDR emphasize the closely opposing effects 

of this region on LDL and LDLR binding. Specifically, mutations found to lower LDL binding of 

PCSK9 consistently showed a corresponding stimulatory effect on LDLR-dependent cell uptake of 
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PCSK9. This further supports that these two mechanisms are somehow linked by interactions involving 

the flexible prodomain IDR. Several studies, including from the Lagace lab, have shown that the prodo- 

main IDR within PCSK9 can adopt a transient-helical structure, and this transient form is critical for 

PCSK9 binding to the LDL but not LDLR [173, 257]. Thus, Del53- and Del40-PCSK9 could abolish 

the LDL interaction in part due to the disruption of this -helical structure in addition to the deletion of 

key interacting residues [173]. Computational molecular dynamics (MD) simulation analysis was used 

to construct a 3D structural model of PCSK9 that included the -helical conformation in the prodomain 

IDR [173]. This provided evidence of a novel interdomain interaction involving the prodomain helix and 

a region in the C-terminal domain of PCSK9 harboring several FH-associated GOF mutations (R469W, 

R496W, and F515L) that were subsequently found to be disruptive for the PCSK9-LDL interaction 

[173]. In later studies, additional FH-associated PCSK9 GOF mutations in the prodomain were also 

shown to lower (L108R) or abolish (S127R, D129G) the LDL binding interaction [249]. Although the 

identified key residues in the prodomain and C-terminal sites are distant from each other, they are located 

on the same molecular plane, suggesting that the large LDL particle binds to these two sites simultane- 

ously. If so, this multidomain binding mode could affect the global conformation of PCSK9 and nega- 

tively impact the LDLR binding interface in the catalytic domain. Another possibility is that only the 

prodomain site near the critical Ser127 residue binds to apoB100 in LDL, with the other site in the C- 

terminal domain allowing this access by engaging the prodomain N-terminus in an interdomain interac- 

tion. This scenario assumes that the acidic prodomain N-terminus would normally bind at or near the 

Ser127 residue. Interestingly, this region of the prodomain contains several positive-charged Arg resi- 

dues shown to facilitate the binding of PCSK9 to negatively-charged heparin-sulfate proteoglycans 

(HSPGs) on the surface of hepatic cells, which in turn promotes PCSK9-mediated LDLR degradation 

[258]. Therefore, it is conceivable that binding of clustered Arg residues in the prodomain to cell 
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surface HSPGs precludes the acidic prodomain IDR from interacting electrostatically with this same 

Arg cluster. Also of note, a recent study showed that cell surface HSPG binding abrogates the inhibitory 

effect of LDL on PCSK9’s ability to bind cell surface LDLRs [259]. Collectively, the current data and 

the available literature point to the possibility of a prodomain region at or near the Ser127 residue being 

a site of both LDL-apoB100 binding and an autoinhibitory interaction of the N-terminal IDR. However, 

further studies are needed to identify the precise sites in PCSK9 involved in autoinhibition and LDL 

binding and whether these are indeed the same. 

As mentioned earlier, among the different circulating lipoproteins, evidence suggests LDLs are the only 

known particle that undergoes structural transition close to body temperature [165]. It is unclear if this 

structural transition influences the PCSK9 interaction with LDL. There was a significantly diminished 

LDL interaction with SA+EK- and EK+DA-PCSK9 and, most dramatically, with GSGG-PCSK9 (Fig- 

ures 7 & 8). It is unknown whether the prodomain helical structure would be affected by these mutations 

since the affected residues lie upstream of the identified helical region [257]. Thus, it is possible that the 

diminished LDL binding of the PCSK9 double mutants (SA+EK, EK+DA) and GSGG-PCSK9 is unre- 

lated to changes in the transient helical structure but that these residues are more directly involved. The 

latter proposition is complicated by our finding that the prodomain readily dissociated from GSGG- 

PCSK9 when added to cultured Hepa1c1c7 cells. Thus, the discrepancies between GSGG-PCSK9-in- 

duced LDLR degradation and LDLR-dependent uptake could be partly explained. First, the GSGG- 

PCSK9 displays increased LDLR binding affinity as an intact unit, accounting for robust LDLR- de- 

pendent cell uptake. However, upon endocytosis of the GSGG-PCSK9:LDLR complex, the prodomain 

dissociates in early endosomes, presumably a function of the amino acid changes in the prodomain IDR, 

and possibly triggered by cellular conditions such as the acidic pH of early endosomes. Furthermore, 

it was reported that all three PCSK9 domains are tightly folded together to deliver their biological 
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function [113]. A dissociation (Figure 10, lane 4) could have disrupted this tightly folded unit, resulting 

in a lower ability to retain the firm binding interaction seen at the cell surface between GSGG-PCSK9 

and LDLR (Figure 5). This same prodomain dissociation mechanism may also explain the defect in 

GSGG-PCSK9 binding to LDL (Figure 7), given the critical role of the prodomain in this interaction 

[169, 173]. 

The charge and the amino acid sequence in the acidic prodomain IDR of PCSK9 are critical factors in 

regulating LDLR binding affinity [174]. However, as part of the linker, the posttranslational phosphor- 

ylation site (Ser47) could hold some key to the enhanced GSGG-PCSK9:LDLR interaction at the cell 

surface level. Previous mutation analysis of Ser phosphorylation through Ser47Asp mutagenesis did not 

show any significant differences in LDLR-dependent PCSK9 uptake (Lagace lab, unpublished data); 

however, in the context of the nearby acidic residues Glu48-Glu-Asp, phosphorylation of Ser47 would 

increase the negative charge of this region and could provide an additive effect. In support, we found 

that single mutations in this region, such as the natural GOF mutation E48K [249], had less impact than 

the complete replacement of this acidic stretch in GSGG-PCSK9. Of note is the proximity of the Ser47- 

Glu-Glu-Asp region to the β0 strand of the PCSK9 prodomain, which is proposed to be important to the 

binding interface of the PCSK9 prodomain with the Cat/CHR domain segment [113, 114]. Although 

speculative, this acidic region in the prodomain IDR may affect LDLR binding affinity and prodomain 

association through interactions with the β0 strand, and disruption of this interaction via replacement of 

the Ser47-Arg50 sequence in GSGG-PCSK9 could have the dual effect of increasing LDLR binding 

affinity by relieving autoinhibition, but also weakening the prodomain/Cat interface and promoting pro- 

domain dissociation. If it could be specifically targeted, the latter effect of prodomain dissociation 

could represent a novel avenue for PCSK9 inhibition, as this would likely destabilize the protein and 

prevent its biological interaction with LDLR. It would also be interesting to see if this mechanism of 
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prodomain dissociation is channeled into other physiological regulations of PCSK9, such as its still 

poorly understood roles in inflammation and innate immune function [7, 85]. 

 

 

2.4 Materials and Methods. 

Media 

Medium A: Contained DMEM (4.5 g/L glucose) supplemented with 100 U/ml penicillin and 100 

 

µg/ml streptomycin sulfate. Medium B: Contained medium A supplemented with 10% FBS (v/v) 

 

Medium C: Contained medium A supplemented with 5% (v/v) NCLPDS. Medium D: Contained 

 

α-MEM (1.0 g/L) supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin sulfate. 

Medium E: Contained medium D supplemented with 10% FBS (v/v). Medium F: Contained 

Medium D supplemented with 5% (v/v) NCLPDS, 10 µM pravastatin, and 50 µM sodium meva- 

lonate. Medium G: Contained RPMI medium supplemented in 10 mM L-Glutamine, 10 mM 

HEPES (pH 7.4), 50 pM β-mercaptoethanol, 100 U/ml penicillin, and 100 µg/ml streptomycin sulfate, 

10% FBS (v/v), 1 mM sodium pyruvate and 5 ml Glucose (100 g/L) 

 

 

Mutagenesis of PCSK9 

Using the QuickChangeTM site-directed mutagenesis (modified) protocol (Stratagene, La Jolla Ca), point 

or double-point mutation was introduced into full-length human WT-PCSK9 with a FLAG- tag epitope 

[249]. The desired modifications were custom-designed with the above template by generating forward 

and reverse primers according to the QuickChangeTM guidelines. Briefly, each 50 ul PCR contained 1X 

(10X pfuUltra) Phusion High Fidelity buffer, 10 µM dNTPs, 10% DMSO, 5 ul (10 ng/ ul) of template 

DNA, 2 ul (62.5 ng/ul) of forward and reverse primers and 2.5 unit of pfuUltra DNA polymerase. Ther- 

mocycling was initiated using the hot start: 95⁰C for 1 minute (1X), followed by 18 cycles of 
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amplification, each of these consisting of denaturation 95°C for 50 seconds, annealing 60⁰C for 50 sec- 

onds and extension 68⁰C for 8 minutes (1 minute/kb – 7.5kb), with a final extension of 68°C for 7 

minutes (1X), and hold for 4⁰C. 

 

 

Conditioned Media 

HEK 293 cells were maintained in monolayer cultures (10 cm dish, Corning) at 37⁰C and 5% CO2 in 

medium B, and upon ~80% confluency, each dish was transfected with 3 µg of DNA (either empty 

vector, WT, or mutant PCSK9) and 10 ul of Polyjet (FroggaBio) as per the manufacturer protocol. 18 h 

post-transfection, cells were washed 2X with PBS and incubated for 48 h in medium A supplemented 

with 1X ITS. After 48 h, media was collected and centrifuged at 1000xG for 5 minutes so any floating 

cells could be pelleted; the supernatant was carefully transferred to a 10- kDa Amicon Ultra-4 centrifugal 

filter unit and concentrated 10-fold. Concentrated conditioned media were transferred to new tubes, and 

PCSK9 concentration in condition media was determined by western blot using purified PCSK9 as stand- 

ard before storing it at - 80⁰C for subsequent usage. The cell lysate was prepared by washing cells in ice- 

cold PBS-CM (1 mM MgCl2 and 0.1 mM CaCl2), following 2X washes; lysate was then prepared in 

Tris Lysis Buffer (50mm Tris-Cl, pH 7.4, 150 mm NaCl, 1% NP-40, 0.5% sodium deoxycholate, 5 mm 

EDTA, 5 mm EGTA), 1X CompleteC TM protease inhibitor cocktail, 1X DTT (Dithiothreitol) and 1 mM 

phenylmethylsulfonyl fluoride. The relative level of processing and secretion of PCSK9 was determined 

by western blotting. 
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LDLR-dependent Cellular PCSK9 Uptake 

HEK293 cells were cultured in a 6-well plate and maintained in medium B to 80% confluence, after 

which cells were transiently transfected with 1 µg of either empty vector or WT human LDLR plasmid per 

well using Polyjet DNA transfection reagent according to the manufacturer instructions. 18 h post-trans- 

fection, the cell medium was aspirated off, washed 2X, and changed to medium B with 50 µM chloro- 

quine per well for 30 minutes. After 30 minutes, the cell medium was replaced with a prepared condition 

medium containing empty vector, WT, or mutant PCSK9 (̴ 0.5 µg) to 1 ml in medium C with 50 µM of 

chloroquine for 3 h. After the 3 h incubation, cell lysate was prepared and analyzed by western blotting 

to determine LDLR-dependent PCSK9 uptake. 

 

LDLR Degradation Assays: 

Hepa1c1c7 cells (60 mm plates) were maintained in medium E. When cell cultures were 70 – 80 con- 

fluency, the medium was replaced with medium F for 20 h, after which either empty vector, WT, or 

mutants PCSK9 in conditioned medium (~5 µg) were added to the medium and incubated for 4 h at 37⁰C. 

Cell lysate was prepared and analyzed by western blotting to determine the level of LDLR degradation. 

 

LDL isolation 

LDL was isolated from human plasma as described [249]. Briefly, blood samples were drawn from fasted 

and healthy volunteers into commercially made evacuated tubes containing EDTA, and plasma was 

separated by low-speed centrifugation (2000 xG for 20 minutes at 4⁰C). Protease inhibitors and antiox- 

idants (1 mM PMSF, 50 U/ml aprotinin, CompleteTM protease inhibitor cocktail, and 20 µM butylated 

hydroxytoluene) were added to the cleared collected plasma. LDL particle (density 1.019 – 1.065 g/ml) 

was isolated using the sequential potassium bromide flotation ultracentrifugation as described [249], fol- 

lowed by extensive dialysis against phosphate-buffered saline (PBS) containing 0.25 Mm EDT. Protein 
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concentrations in lipoprotein preparations were determined using the Lowry assay. LDL obtained was 

stored away from light by wrapping the tube in foil paper and kept at 4⁰C for subsequent usage. 

 

In vitro PCSK9-LDL binding 

Binding reactions (1 ml volume), each containing 0.5 mg of LDL and 100 ul of concentrated conditioned 

media of either empty vector, WT, or mutants PCSK9, 50 ul of 0.5% BSA (w/v) in HBS-C buffer (25 

mM HEPES-KOH, pH 7.4, 150 mM NaCl, 2 mM CaCl2) and HBC-S buffer was used to make up the 

rest of the reaction volume. Reaction complexes were incubated at 37⁰C for 1 h. As described, LDL- 

bound and unbound PCSK9 were separated by Optiprep gradient ultracentrifugation [249]. Briefly, 0.65 

ml of 60% Optiprep, 1 ml of reactant complexes, and 1.35 ml of 25 mM HEPES buffer (pH 7.4) are 

placed in a 3.3 ml Beckman Optiseal tube. After thoroughly mixing and left to stand for 1 – 2 minutes, 

0.3 ml of 25 mM HEPES buffer (pH 7.4) was used to overlay the 3 ml. Tubes were centrifuged at 

100,000 rmp for 2 h at 4⁰C in a TLN100 roto (Beckman Coulter). Following centrifugation, an LDL- 

containing fraction of 0.5 ml was drawn using a 22G needle and immunoprecipitated with anti-serum 

1697 directed against human PCSK9, and relative LDL-bound PCSK9 was determined by western blot- 

ting. 

 

Western Blot 

 
Western blot was previously described [249]. Briefly, Protein in cell lysate, conditioned media, or im- 

munoprecipitates were prepared in 1 X Bolt sample buffer (Thermo-Invitrogen) and supple- 

mented with 50 mM dithiothreitol, reaction complexes heated for 5 minutes at 96⁰C. Following heating, 

complexes were loaded for electrophoresis using the 4% - 12% Tris/HEPES- SDS BoltTM precast gels 

(Thermo-Invitrogen) for 1 h at 165 Volt. Resolved proteins were transferred to a nitrocellulose mem- 

brane (Bio-Rad) and allowed to run overnight in a transfer tank for immunoblotting. Primary antibody 
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incubation was done at room temperature for 1 h, following 3X washes, secondary infrared dye 

(IRDye800)-labeled antibodies were used to detect target proteins using the LI-COR Odyssey infrared 

imaging system (LI-COR Biosciences). Band intensity was quantified using the Odyssey 2.0 software 

(LI-COR Biosciences). 

 

Antibodies used 

The following antibodies were used for the western blotting: 15A6, a monoclonal antibody cloned from 

mouse hybridoma (gift from UT Southwestern Medical Center, Dallas), recognizes an epitope of the 

PCSK9 CHR domain. 3143, a rabbit anti-serum, recognizes the C-terminal 14 amino acids of LDLR (gift 

from UT Southwestern Medical Center, Dallas). 1697, rabbit anti-serum against the full-length human 

PCSK9 (Biomatik – Cambridge, Canada). Anti-actin mouse monoclonal (Signal). Goat anti-serum apoB 

(Millipore) and mouse anti-human transferrin receptor (Invitrogen). Secondary IRDye-labeled goat anti- 

mouse and anti-rabbit IgG antibody (LI-COR Biosciences). 

 

 

Statistical analysis 

All statistical analyses were determined by student t-tests or one-way ANOVA using GraphPad Prism 9 

software. All experiments represent a minimum of three independent experimental repeats, and error bars 

indicate the standard error of the mean (SEM). 
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Chapter 3: Effect of proteolytic processing on PCSK9-LDL interaction 

 

3.1 Introduction: 

 
PCSK9 undergoes posttranslational modifications (PTMs), including sulfation, phosphorylation, and 

limited proteolysis. PTMs are known to affect the biological activities of proteins [19, 117, 118]. Not 

all PTMs in proteins produce a positive outcome; for example, limited proteolysis by some PCs on 

endothelial lipase results in enzyme inactivation [260]. About 15 to 25% of PCSK9 in human circulation 

are truncated products due to limited proteolysis, primarily by furin [18, 19, 69]. This action removes a 

~7-kDa portion (amino acid 153 – 218) (Supplemental Figure 1) of the N-terminus of the catalytic 

domain of PCSK9 [18]. The excised region overlaps the binding site of PCSK9 and LDLR EGF-A 

domain [19]; thus, as previously stated, f-PCSK9 is defective for LDLR binding. As with the enhanced 

LDLR binding/degradative function of Del53-PCSK9 because of the removal of amino acids Gln31 – 

Leu52, the excision of a 7-kDa portion of the catalytic domain of PCSK9 by furin proteolysis could 

accentuate this variant’s bioactivity. Or, as reported by Benjannet et al. [19], it could be rendered inert, 

as seen in the context of LDLR degradation. Beyond LDLR regulation, PCSK9 has recently been linked 

to inflammation. For example, very recently, it was reported that IL-6, a marker of inflammation, was 

reduced in COVID-19 patients upon treatment with PCSK9i-mAbs compared to a placebo [261, 262]. 

Recent evidence also supports that f-PCSK9 was upregulated along with the intact PCSK9 after myo- 

cardial infarction [121], and Kataoka et al. [263] reported that f-PCSK9 concentration predicted future 

coronary events in a Japanese subject. These findings suggest that f-PCSK9's pathological role is inde- 

pendent of PCSK9-mediated LDLR regulation. 

As mentioned earlier, a substantial amount of circulating PCSK9 is LDL-bound. It remains unclear if f- 

PCSK9 is capable of LDL binding. Hori et al. reported that both intact PCSK9 and f- PCSK9 were 

depleted from human plasma that had undergone LDL apheresis, a form of dialysis in which LDL 
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particles are adsorbed to a matrix prior to reintroduction of the partially delipidated plasma back into the 

patient [264]. While this suggests that f-PCSK9 was removed as a component of the LDL, it is also pos- 

sible that it bound non-specifically to the matrix material. By contrast, Fazio et al. reported that plasma 

f-PCSK9 was mainly found in an apoB-free fraction of human plasma and thus not bound to LDL; 

furthermore, in this same study, they showed evidence that LDL association of intact PCSK9 protected 

it from furin proteolysis [265]. The failure to detect f- PCSK9 in an LDL fraction from plasma could 

reflect dissociation of the prodomain, which has been shown to be promoted by furin proteolysis of 

PCSK9 [19]. This would likely preclude LDL binding of f-PCSK9 since the prodomain has been demon- 

strated to contain critical determinants for LDL binding by intact PCSK9 [169]. Thus, the conflicting 

results in terms of f-PCSK9:LDL association in the literature could reflect differences in experimental 

conditions affecting the persistent binding of the prodomain to the Cat/C-term of f-PCSK9. Although 

furin proteolysis of PCSK9 is inactivating in terms of its LDLR binding/degradative function, it remains 

to be determined whether this PTM also abolishes the binding of PCSK9 to LDL. Alternatively, cleavage 

of PCSK9 by furin could generate a new bioactivity involving LDL association if this binding function 

remains intact. This possibility is intriguing given the unexplained role of PCSK9 in inflammation, a pro- 

cess known to be promoted by modified forms of LDL. Indeed, if furin proteolysis of PCSK9 reveals a 

latent binding motif, the interaction of this variant with LDL could be enhanced. Therefore, we hypoth- 

esized that furin proteolysis of PCSK9 accentuates its LDL interaction potential dependent upon 

retention of the prodomain. 

3.2 Results 

To further understand the role of proteolytic cleavage on PCSK9 binding activity on LDL, and since 

 

˃30% of circulating PCSK9 are LDL bound [169], our first attention was to determine if circulating 

cleaved PCSK9 is also LDL bound. To do that, pooled plasma samples were obtained from eight fasted 
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healthy volunteers – 4 males and four females – and the samples were subjected to a layered Optiprep 

gradient ultracentrifugation with slight modification as described [169]. According to Kosenko et al. 

[169], this method helps to resolve plasma PCSK9 into three fractions (light, medium, and heavy density), 

along with clearly visible fractions of LDL-containing zone within these fractions (Figure 11A). As 

seen previously, the intact PCSK9 Cat/C-term segment (~60 kDa) was readily detected in the LDL 

bound fraction [169], which also contained the truncated f-PCSK9 Cat/C-term segment (~55 kDa) in a 

similar proportion as that in the whole plasma (Figure 11B). Notably, there was no discernible decrease 

in the amount of prodomain found in the LDL fraction compared to that in whole plasma, supporting 

that the PCSK9 in the LDL fraction, including f-PCSK9, contained the prodomain attached to the rest of 

the protein. This result clearly indicates that circulating cleaved PCSK9 is also LDL-bound, just like the 

intact PCSK9. 

Direct binding of f-PCSK9 to LDL (native or modified) in an in vitro setting has not been reported previ- 

ously. Since the prodomain is critical to PCSK9 and LDL binding interactions [169], we generated an 

f-PCSK9 variant with little to no dissociation of the prodomain. This was done by incubating recombi- 

nant human furin with purified PCSK9 at room temperature for 6 hours, followed by the addition of a 

specific furin inhibitor peptide (furin inhibitor 1) to prevent further proteolysis. F-PCSK9 and intact 

PCSK9 were then incubated with isolated human LDL for 1 hour, and the reaction mixture was subjected 

to density gradient ultracentrifugation as described [169]. The binding of f-PCSK9 to native LDL 

(nLDL) was increased ˃1.5-fold compared to intact PCSK9 (Figure 11C), whereas binding to modified 

LDL (oxLDL) was increased ˃10-fold (Figure 11C). Of note, oxLDL is a proinflammatory mediator of 

atherosclerosis [266], and there is evidence that PCSK9 potentiates oxLDL signaling [267]; thus, the f- 

PCSK9 variant, considering the strong interaction with oxLDL in Figure 11C might be involved in this 

signaling. 
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Figure 11: Furin proteolyzed PCSK9 associate with LDL. 

 
A) Optiprep gradient indicating the LDL-bound fraction and the visualization of the protein distribution within the 

gradient using Coomassie R-250. B) Pooled human plasma showing LDL-bound intact and f- PCSK9 from the gra- 

dient ultracentrifugation separation methods. Results show the whole plasma (input, lane 1) and the LDL-bound 

PCSK9 (lane 2). C) nLDL- and oxLDL -bound PCSK9 (intact and f-PCSK9) and the input (control).  LDL visuali- 

zation. ⸼denote band consistent with furin-cleaved PCSK9 (f-PCSK9). Quantification shown in the graph represents 

mean n=3 with standard error, and stars indicate statistical differences according to one sample t-test. 
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Figure 12: Furin proteolysis does not improve GOF PCSK9 with altered LDL association. 

Cleaved PCSK9 was generated in-house. Briefly: Condition medium containing C- terminally FLAG-tagged full- 

length PCSK9, either WT-, S127R-, or R496W-PCSK9, was incubated with or without recombinant human furin 

(rhf) at room temperature for 6 hours. Furin inhibitor 1 was added to stop further protease activity, as per the manu- 

facturer. Cleaved (FC) and Uncleaved (UC) PCSK9 variants were incubated with isolated human LDL at 37°C for 1 

hour. Binding reactions were then subjected to density gradient ultracentrifugation for 2 hours at 100,000 rmp to 

separate LDL-bound from unbound. Following ultracentrifugation, an LDL-containing fraction of 0.5 ml was drawn 

using a 22G needle and immunoprecipitated with anti-serum 1697 directed against human PCSK9. The relative 

LDL-bound PCSK9 was determined by western blotting and quantified by Licor. The blot shown is a representation 

of three independent experimental repeats. 
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Our group previously reported that certain GOF PCSK9 mutations, including S127R in the prodomain 

and R496W in the C-terminal domain, abolish LDL binding [173, 249]. Since furin cleavage of PCSK9 

improves its LDL binding interaction, as seen in Figure 11C, we sought to understand if the furin- 

cleaved GOF variants were now able to bind to LDL through an alternate mechanism. However, if the 

mechanism whereby f-PCSK9 binds LDL is the same as for intact PCSK9 but improved, we would 

expect cleaved GOF PCSK9 variants to remain defective for LDL binding. As suspected, there was no 

noticeable LDL binding for the intact (uncleaved) or furin- cleaved versions of these GOF-PCSK9 mu- 

tants (Figure 12). 

The enhanced binding of f-PCSK9 to nLDL and oxLDL could involve an improved membrane associ- 

ation. To test this possibility, f-PCSK9 or intact PCSK9 were incubated with artificial liposomes con- 

taining phosphatidylcholine (PC), cholesterol (Chol), and sphingomyelin (SM) in a 60:20:20 molar ratio 

to reflect levels of these lipids in the outer membrane of LDL particles. As shown in Figure 13, the 

binding of f-PCSK9 to PC:Chol:SM liposomes was significantly enhanced compared to intact PCSK9. 

Thus, the increased f-PCSK9 and LDL interaction may reflect strong membrane binding. 

LDLR is the primary conduit of plasma LDL-C and PCSK9 clearance [1, 268]. There is a ˃1.5- fold 

increase in f-PCSK9 binding to LDL (Figure 11C). Since f-PCSK9 lacks a site critical in LDLR asso- 

ciation, binding to LDL could facilitate f-PCSK9 clearance as a passive component of LDL-LDLR en- 

docytosis. To test this possibility, f-PCSK9, and intact PCSK9 were preincubated with isolated human 

LDL, and the complexes were incubated in HEK293 cells transiently transfected with LDLR as de- 

scribed [249]. Interestingly, the enhanced in vitro LDL-f-PCSK9 binding did not improve LDLR-de- 

pendent uptake of f-PCSK9 (Figure 14), suggesting that this route is not the means of f-PCSK9 plasma 

clearance. 

Also, as stated in the literature, f-PCSK9 is inert in the context of LDLR degradation, so we next turned 
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our attention to determining if this variant tested above shares similar functional characteristics that are 

inert in regulating LDLR. As seen in (Figure 15), there was no significant difference between f-PCSK9 

and vector control in LDLR degradation. This indicates that the f-PCSK9 we generated here shares 

similar functional capability as the f-PCSK9 described in the literature. 

 

 

 

Figure 13: Proteolyzed PCSK9 associate with Liposome. 

 
Liposome preparation was described previously (see methods for liposome preparation). Liposome was incubated 

with intact (UC) or f-PCSK9 (FC) at 37⁰C for 45 minutes. Binding reactions were then subjected to density gradient 

ultracentrifugation for separation. The pellet was redissolved in low-salt HBS-C at the same volume as the supernatant 

(Sup). Pellet represents bound PCSK9, while Sup represents unbound PCSK9. Western blot analysis of the superna- 

tant and pellet shows an enhanced liposome/f-PCSK9 association. The blot shown above is a representation of two 

independent experimental repeats. 
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Figure. 14: Proteolyzed PCSK9 is not a passive component of LDL-LDLR endocytosis. 

F-PCSK9 generation was described previously. HEK 293 cells were maintained in monolayer cultures (6-well dish) at 

37⁰C and 5% CO2 in medium B, and upon ~80% confluency, cells were transiently transfected with empty vector 

plasmid or human LDLR (0.5µg per well) and 1.5 ul of Polyjet (FroggaBio) as per the manufacturer protocol. 24 

hours post-transfection, the cells were treated in the presence of 50 µM chloroquine and incubated for 3 hours with 

intact (UC) or f-PCSK9 (FC) (~3µg), preincubated in the absence (-) or presence (+) of native LDL (1mg) for an hour 

at 37⁰C. Following 3 hours of incubation, cells were then lysed. uBCA was done to quantify the amount of protein to be 

loaded. Protein was resolved by SDS-PAGE and detected by western blotting using α-actin as a loading control. Protein 

was resolved by SDS-PAGE and detected by western blotting using α-actin as a loading control. The blot represents 

three independent experimental repeats. 
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Figure. 15: Proteolyzed PCSK9 is inert in LDLR degradation. 

 
Plasmids encoding vector control, WT-PCSK9, were transiently co-transfected with or without furin in 

HEK293. Conditioned medium was harvested, and the relative amount of cleaved (f-PCSK9) or un- 

cleaved (UC) was determined by western blot. HepaIc1c7 cells were cultured in a sterol-depleting medium 

before treatment with the conditioned medium containing the vector control, UC, or FC, and incubated 

for 4 hours at 37⁰C. Cells were harvested and lysed, and proteins resolved on SDS-PAGE and detected 

by western blotting. LDLR levels were normalized with transferrin receptor (Tfr). Quantification shown 

in the graph represents mean n=2 with standard error, and stars indicate statistical differences according 

to one sample t-test 

Vector ctl 

UC = Uncleaved PCSK9 

FC = Furin-cleaved PCSK9 

* P = 0.0146 



64  

3.3 Discussion: 

The results in this chapter suggest that the two subspecies of PCSK9 found in human plasma are LDL- 

bound. Although earlier reports had suggested a significant portion of the circulating intact PCSK9 is in 

the LDL fraction [169, 175], it was also reported that f-PCSK9 variants were found in an apoB100 

deficient fraction [175], suggesting that this f-PCSK9 variant does not associate with LDL. Herein, we 

show for the first time that f-PCSK9 associates with and binds LDL. The prodomain is crucial to this 

binding interaction (Figure 11), which is consistent with previous reports suggesting that the prodomain 

is critical to LDL and PCSK9 interaction [169, 173]. The discrepancy between our report here and that of 

Tavori et al. [175] could be due to how much of the prodomain remained bound to the rest of the protein. 

One would speculate that perhaps the methods or molecules used were harsh. It is also possible that f- 

PCSK9 generated in different cellular compartments has a differing propensity for prodomain dissocia- 

tion [32, 39]. Since furin cycles between the trans-Golgi, plasma membrane, and endosomes, it could 

conceivably cleave PCSK9 at any of these sites with differing effects on prodomain association. Similar 

to a previous report [19], we found that when plasmid vectors expressing PCSK9 and furin were co- 

transfected into HEK293 cells, the vast majority of the secreted f-PCSK9 did not contain the prodomain 

(data not shown). By contrast, when purified recombinant PCSK9 was incubated with furin enzyme, as 

in the experiments detailed in Figure 11, the prodomain stayed largely intact, and LDL and oxLDL bind- 

ing activity was enhanced. In recent unpublished studies, we found that adding PCSK9 exogenously to 

HEK293 cells stably overexpressing furin resulted in efficient cleavage of the PCSK9 with >70% reten- 

tion of the prodomain (data not shown). Thus, it is possible that physiological furin-proteolysis of 

PCSK9 can occur extracellularly with retention of the prodomain and enhanced ability of the generated 

f-PCSK9 to bind to native and modified forms of LDL in plasma. 

Removal of amino acids 153 to 218 in f-PCSK9 may reveal a latent membrane binding motif in this 
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variant, as evidenced from the enhanced binding of f-PCSK9 to nLDL, oxLDL, and artificial membrane 

liposomes (Figures 11 and 12). As mentioned, furin is upregulated in an inflammatory state, suggesting 

it could also interact with PCSK9 at this stage. As stated earlier, PCSK9 is majorly synthesized by the 

liver as a 74-kDa zymogen. Among the PCs, PCSK9 is the only convertase that undergoes autocatalytic 

cleavage once, generating the secreted protein containing the excised prodomain bound non-covalently 

to the catalytic/C-terminal domain segment [13]. Evidence indicates that the other PCs' second cleavage 

potentiates their enzymatic potentials [36, 40]. Proteolytic cleavage of PCSK9 by furin might represent 

a second cleavage, potentially leading to novel physiological function, as seen with the other PCs after 

the second autocatalytic cleavage. Nature may have designed furin-proteolyzed PCSK9 to function in 

certain situations based on the encounter level between the two proteins. For example, LDL-bound 

PCSK9 was suggested to be protected against furin-induced proteolysis [265], perhaps reducing the free 

PCSK9 that furin can encounter and cleave. Although, the basis for this observation or the physiological 

relevance of this induced protection was not clarified in the said study. However, LDL-bound PCSK9, 

when exposed to an in vitro recombinant human furin (rhfurin), resulted in a cleaved PCSK9 variant 

(result not shown), suggesting that LDL-bound PCSK9 is not protected against induced furin proteolysis 

in vitro. Several studies indicate that f-PCSK9 is active [120, 265, 269], and LDL- bound PCSK9 po- 

tentiates this variant's ability to induce the degradation of the LDLR [265]. However, we did not observe 

robust LDLR-dependent uptake of f-PCSK9, nor its ability to degrade the LDLR, which is consistent 

with the notion that this variant is defective for LDLR binding due mainly to the removal of the excised 

7-kDa of the N-terminus of the catalytic domain and, therefore, it is inactive (Figure 14 and 15) [18-20, 

270]. 

The endocytic uptake of PCSK9 and LDLR and that of PCSK9 and APLP2 (amyloid precursor- like 

protein 2) complex is one of the primary means of plasma PCSK9 clearance, although the former 
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(PCSK9 and LDLR) is well characterized. However, this interaction also leads to the degradation of 

both proteins [14, 271]. As mentioned, f-PCSK9 is inert in LDLR binding, suggesting a different route 

for this variant’s clearance. However, a recent study showed a shorter half-life of f-PCSK9 in a pulse- 

chase experiment when expressed in HEK293 cells compared to intact PCSK9 [120]. It is possible that 

this latent binding motif revealed by the cleavage by furin could potentially avail f-PCSK9 with diverse 

arrays of ligands for endocytic uptake/clearance. OxLDL belongs to a family generally referred to as a 

“danger-associated molecular pattern” (DAMP) generated in response to inflammation, tissue injury, or 

oxidative stress [205]. OxLDL interacts with specific receptors, eliciting a pro-inflammatory or innate 

immune response. Our observation here that f-PCSK9 shows preferential binding to oxLDL (Figure 

11D) could partly explain why f-PCSK9 levels predict future coronary outcomes, as reported by Kataoka 

et al. [263]. Although speculative, oxLDL binding could convert f-PCSK9 to a DAMP, or f-PCSK9 

could behave as a DAMP directly. Interestingly, this line of thought is supported by an earlier report that 

found upregulation of intact and f-PCSK9 after MI [121]. 

Furthermore, our results also indicate that binding of f-PCSK9 to native or modified LDL does not im- 

prove LDLR-dependent uptake of this variant as was first thought that this could allow f-PCSK9 to act as 

a passive component of LDLR:LDL endocytosis; however, this enhanced interaction could influence 

the uptake of this variant through an alternate lipoprotein, or possibly oxidized lipoprotein receptors. 

 

3.4 Materials and Methods 

Plasma collection 

Blood samples were drawn in the morning from eight healthy volunteers – 4 males and four females 
 

into commercially available evacuated EDTA tubes. Plasma was obtained by low-speed centrifuga- 

tion (2000 g for 20 minutes at 4⁰C), a clear supernatant was obtained, and the 8 samples pooled 
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together. The pooled sample was used immediately for LDL-bound PCSK9 (intact and f- PCSK9) 

isolation, and protease inhibitor (1 mM PMSF and 50 unit/liter of aprotinin) was added to the rest 

and stored at -80⁰C. 

 

 

 

Optiprep plasma separation of LDL-bound PCSK9 

 
Plasma LDL-bound PCSK9 separation was described previously with slight modification [169]. Briefly, 

the binding reaction of 3.3 ml total volume containing 0.8 ml of pooled plasma, 2 ml low- salt HBS-C 

buffer (25 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 2 mM CaCl2), 0.5 ml of 60% Optiprep and placed 

in a 3.3 ml Beckman Optiseal tube and overlay with 0.3 ml of low-salt HBS- C buffer until the meniscus 

is below neck of tube. Centrifugation was done at 100,00rpm using Optima TLX with decel "9" for 2.5 

h at 4⁰C. Following centrifugation, an LDL-containing fraction of 0.5 ml was drawn using a 22G needle 

and immunoprecipitated with anti-serum 1697 directed against human PCSK9, and relative LDL-bound 

intact- and f-PCSK9 was determined by western blotting. 

 

Oxidation of LDL 

LDL oxidation was described [272] with slight modification. Briefly, 100µg/mL of native LDL was 

incubated with 5µM of copper sulfate (oxidant) in 1mL of 1X PBS (phosphate buffered saline – pH-7.4) 

at 37⁰C for 24 h. Further oxidation was terminated by adding 50µM of 1mM EDTA (A copper chelator). 

The oxLDL preparation is stored away from light by wrapping it with foil paper and kept at 4⁰C for 

subsequent usage. 



68  

Furin-cleaved PCSK9 preparation 

A concentrated condition medium containing C-terminally FLAG-tagged full-length PCSK9 (intact) 

(1mL) was incubated with recombinant human furin (4.6µg) (R&D System) for six h at room tempera- 

ture. According to the manufactural instructions, further proteolysis was stopped by adding furin inhibi- 

tor 1 (EMD Millipore). The cleaved PCSK9 obtained was either used immediately or stored for future 

usage at -20⁰C. Large-scale furin-cleaved was prepared by transiently transfecting HEK 293 cells main- 

tained in monolayer cultures (5 x 10cm dish, Corning) at 37⁰C and 5% CO2 in medium B, and upon 

~80% confluency, each dish was co-transfected with 3 µg of C-terminally FLAG-tagged full-length WT- 

PCSK9 plasmid and either in with 3µg human furin plasmid or without furin and 20ul of Polyjet (Frog- 

gaBio) as per the manufacturer protocol. 18 h post-transfection, cells were washed 2X with warm PBS 

and incubated for 48 h in medium A supplemented with 1X ITS. After 48 h, media was collected and 

centrifuged at 1000xG for 5 minutes so any floating cells could be pelleted; the supernatant was carefully 

transferred to a 10-kDa Amicon Ultra-4 centrifugal filter unit and concentrated 10-fold. Concentrated 

conditioned media were transferred to new tubes, and PCSK9 concentration in condition media was 

determined by western blot using purified PCSK9 as a standard before storing it at - 20⁰C for subsequent 

usage. 

 

LDLR-dependent PCSK9 uptake in the presence of LDL 

HEK 293 cells were maintained in monolayer cultures (6-well dish, Corning) at 37⁰C and 5% CO2 in 

medium B, and upon ~80% confluency, cells were transiently transfected with empty vector plasmid or 

human LDLR (0.5µg per well) and 1.5 ul of Polyjet (FroggaBio) as per the manufacturer protocol. 24 

hours post-transfection, the cells were treated in the presence of 50 µM chloroquine and incubated for 3 

hours with intact (UC) or f-PCSK9 (FC) (~3µg), preincubated in the absence (-) or presence (+) of native 

LDL (1mg) for an hour at 37⁰C. Following 3 hours of incubation, cells were then lysed. uBCA was done 
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to quantify the amount of protein to be loaded. Protein was resolved by SDS-PAGE and detected by 

western blotting using α-actin as a loading control. 

 

 

Liposome preparation 

Liposome preparation was described [273] with slight modifications. Briefly, 1.6µmole of phosphati- 

dylcholine (PC) (1,2-Dioleoyl-sn-glycero-3-phosphocholine), 0.2µmole of cholesterol (Chol), and 

0.2µmole of sphingomyelin (SM) (all from Avanti) were dissolved in a 12X75mm glass tube (Fisher 

Scientific) containing chloroform along with 1µL of a fluorescent-labeled phospholipid derivative NBD- 

PE. The mixture was thoroughly mixed before being dried under a gentle stream of Nitrogen gas (N2), 

after which the tube was placed in a speed vacuum (Speed- vac) for 45 minutes. Following Speed-vac, 

the air inside the tube was displaced with N2, sealed with a plastic cap, and immediately placed at -20⁰C 

overnight until the next day. The following day, the dried lipid mixture was resuspended in 3mL low- 

salt HBS-C (25 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 2 mM CaCl2) and vortex for 1 h at room 

temperature to obtain multilamellar vesicles (MLV), Following the 1 h vortex, extrusion was done by 

passing the MLV 15X through 50 nm membrane using the liposoFast to make of small unilamellar 

vesicles (SUV). Extruded liposome was stored away from light at room temperature and used within 

three days. 

 

Liposome binding assay 

Binding reactions (400µL), each containing 15.9µg of either intact- or f-PCSK9, 200 µL extruded lipo- 

some, and low-salt HBS-C (25 mM HEPES-KOH, pH 7.4, 50 mM NaCl, 2 mM CaCl2) were incubated 

for 45 minutes at 37⁰C. Following 45 minutes of incubation, ~10% final optiprep containing 300µL from 

the reactant above, 150µL 60% optiprep, and 550µL low-salt HBS-C and placed in 7X20mm centrifuge 

tube (Beckman Coulter) and mix by inversion. The mixture was underlay with 700µL low-salt HBS- 
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C to cushion and overlay with ~600µL low-salt HBS-C. Following 1 h of ultracentrifugation of 

39000rmp at 4⁰C, the supernatant was removed, and the pellet was redissolved in the same amount with 

low-salt HBS-C. The relative liposome-PCSK9 binding was determined by western blotting. 

 

See Chapter 2, section 2.4 for LDL binding and LDLR degradation assays. 
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Chapter 4: Furin proteolytic processing of PCSK9 potentiates its bioactivities. 

 

4.1 Introduction: 

PCSK9 is a central regulator of circulating LDL-C levels and related CVD risk, such as atherosclerosis 

development and progression, by disrupting the natural recycling of the LDLR [11, 13, 14]. PCSK9 binds 

the LDLR at the cell surface through a protein-protein interaction, leading to the degradation of this 

complex inside the cell, thereby reducing the number of LDLRs at the cell surface for endocytic uptake 

of LDL-C [1, 11, 14]. Elevated plasma LDL-C is critical in atherosclerotic plaque initiation and pro- 

gression [1]. However, it has also been suggested that damage to the endothelium is as vital in athero- 

sclerotic plaque initiation as the infiltration and the subsequent modification in the vascular wall by these 

lipoproteins [8]. Recent evidence indicates that PCSK9’s link to atherosclerotic plaque initiation and 

progression extends beyond plasma LDL-C and LDLR regulation, with evidence that PCSK9 is impli- 

cated directly through foam cell formation, endothelial dysfunction, increased inflammatory cytokines 

storm, platelet activation, and the regulation of the redox system [21-24]. 

As mentioned, intact and truncated (f-PCSK9) forms of PCSK9 are found in circulation [18-20, 120, 

121]. The latter is a product of limited proteolysis by furin [18-20]. Furin expression is upregulated in 

an inflammatory state, which activates factors that increase inflammation [51, 52], suggesting a feedfor- 

ward mechanism. Furin-dependent mechanisms have also been proposed to play a role in atherosclerotic 

plaque progression [51, 52]. A rapid turnover of intact PCSK9 to f- PCSK9 in response to a systemic or 

local inflammatory state due to increased furin expression may also be at play in the atherosclerotic 

plaque microenvironment. This notion is supported by a report suggesting a reduction in atherosclerotic 

plaque size in patients on PCSK9 inhibitors [274]. This may be attributed to an LDL-C lowering effect 

and also inhibition of f-PCSK9 generation. Indeed, this may partly explain the other beneficial properties 

attributed to anti-PCSK9 antibodies that block the protein-protein interaction of PCSK9 and LDLR. 
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Oxidation of LDL within the arterial wall has been shown to drive plaque progression [275]. OxLDL 

induces proinflammatory signaling because it is captured by receptors such as the CD36 and LOX1 

expressed in endothelial cells and immune cells [276]. We have evidence that f-PCSK9 binds much more 

efficiently to oxLDL than intact PCSK9 (see Figure 11C). OxLDL could bridge f-PCSK9 to these recep- 

tors or vice/versa, fueling chronic inflammation. Furin upregulation in this inflammatory state could lead 

to f-PCSK9 generation in a positive feedback mechanism. This notion is supported by evidence indicat- 

ing that PCSK9 induces CD36 degradation and crosstalk with LOX1 [204, 229]. The latent membrane 

binding motif revealed by the limited proteolysis of PCSK9 by furin (see Chapter 3 Figure 13) could 

allow this variant to interface with CD36 or LOX1, which both localize to plasma membrane caveo- 

lae/lipid rafts, and oxLDL involvement could enhance this interaction further without necessarily leading 

to CD36 degradation. This raises the possibility that f-PCSK9 binding these receptors could facilitate its 

cellular uptake, establishing a clearance channel. Therefore, we hypothesize that furin proteolysis 

improves PCSK9/lipoprotein binding interactions and positively impacts atherosclerosis progres- 

sion by mediating scavenger receptor interaction of proinflammatory oxLDL. 

 

 

4.2 Results 

 
Inflammation induces PCSK9 mRNA expression in the liver and targeting it through attenuating its 

action using PCSK9 inhibitory monoclonal antibodies (PCSK9i-mAbs) alleviate oxidation, inflamma- 

tion, and atherosclerosis [193, 212], suggesting that factors that upregulate PCSK9 expression would 

also upregulate the f-PCSK9 variant. A recent report that f-PCSK9 concentration predicts future coronary 

events [263] reinforces this notion. However, it remains unknown if f- PCSK9 is merely a predictive 

marker of coronary events or if it plays a causative role. Based on the above, we obtained the serum of 

LPS-treated mice (1 mg/kg body weight, intraperitoneally) 24 hours post-treatment. LPS treatment 



73  

induces inflammation [277], and Feingold et al. [212] had earlier reported the upregulation of PCSK9 

mRNA in the livers of LPS-treated mice. With the serum obtained, we immunoprecipitated with anti- 

serum 1783 directed against mouse PCSK9. As seen below, we confirmed the upregulation of the intact 

PCSK9 protein and a truncated variant consistent with the furin-proteolyzed PCSK9 variant (Figure 

16). 

 

Figure 16 Inflammation enhances f-PCSK9 expression: 

 
Serum of LPS-treated female C57Bl/6 mice was obtained 24 hours post- 

treatment. Immunoprecipitation (IP) was done on the LPS-treated and sa- 

line-treated (control) groups. Protein was resolved on SDS-PAGE and de- 

tected by western blotting. N=3 for each group. UC: Uncleaved PCSK9; 

FC: Furin-cleaved 

 

Recent evidence suggests PCSK9 increases markers of inflammation [193, 266], and as mentioned above, 

inflammation also upregulates PCSK9 expression, suggesting a feedforward mechanism. We hypothe- 

size that f-PCSK9 could also upregulate markers of inflammation since it is also upregulated in this 

phase. To test this working hypothesis, THP-1-derived macrophages were polarized into M0 (untreated) 

and proinflammatory M1 state as described [278], with slight modification; briefly, cells were treated 

with 100 ng/ml LPS and 20 ng/ml IFN-Ɣ, 24 hours post- treatment, cells were further treated with intact 

PCSK9 or f-PCSK9 (1 µg/well). Total RNA was isolated using a Trizol reagent and processed for re- 

verse transcription. qRT-PCR analysis was performed on some selected markers of inflammation (IL- 

1β, CD36, LOX1, TNF α) using the Universal SYBR Green Supermix (Roche) and gene expression 
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were normalized to HPRT or SRP14. We observed that IL-1β and TNF-α expression were significantly 

higher in the f-PCSK9 treated cells (Figure 17A - D). Of note was a significant increase of LOX1 

mRNA expression in f-PCSK9-treated M0 macrophages (Figure 17C), suggesting this variant could be 

driving M0 to the M1 phenotype. It is known that oxLDL has a role in proinflammatory signaling [276]. 

To test if f-PCSK9 could be involved, THP-1-derived macrophages were polarized into resting macro- 

phages (M0), proinflammatory (M1), and anti-inflammatory (M2) states and treated with either intact 

PCSK9 or f-PCSK9 in the presence of oxLDL. As seen (Figure 18), f-PCSK9 was internalized in M1 

macrophages at a much greater level than the intact PCSK9, indicating that this variant could be the dom- 

inant PCSK9 in this phase. It is possible that this uptake could be upregulated in the presence of cell 

surface scavenger receptors. We also tested this possibility by transiently transfecting HEK293 cells 

with plasmids encoding Scavenger receptor class B1 (SCARB1), CD36, or LOX1, and 24 hours post- 

transfection, the cells were treated with intact or f-PCSK9 in the absence or presence of oxLDL. There 

was no significant difference between vector control and SCARB1-dependent uptake of intact and f- 

PCSK9 (Figure 19), whereas uptake of f- PCSK9, but not the intact PCSK9, was increased in cells 

overexpressing either CD36 or LOX1, and this was further enhanced in the presence of oxLDL 

(Figure 20 A and B), suggesting a possible role of this variant in inflammatory signaling. 
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Figure 17: Markers of inflammation are significantly enhanced by f-PCSK9 ex- 

pression. 

 
THP-1 undifferentiated macrophages were either polarized to M1 (100 ng/mL LPS and 20 ng/mL IFN- Ɣ) 

or M2 (20 ng/mL IL-4 and 20 ng/mL IL-13) and incubated for 24 hours. Following 24 h incubations, cells 

were treated with either intact – or f-PCSK9 (~1µg) for a further 24 hours incubation period, after which 

total RNA was harvested using Trizo reagent according to the manufacturer's instructions. cDNA reactions 

were prepared from 800 ng of total RNA using the Roche transcription first strand cDNA synthesis kit per 

the manufacturer's instructions, and a 1:5 dilution was made for qPCR. Using IL-1β, CD36, LOX-1, and 

TNF-α primers and SYBR green dye, real-time quantitative PCR was carried out, and data normalized to 

HPRT1 gene expression and fold change relative to control (A) IL-1β, (B) CD36, (C) LOX1, and (D) TNF- 

α. Quantification shown in the graph represents mean n=3 with standard error, and stars indicate statistical 

differences according to one sample t-test. 
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Figure 18: Furin proteolysis of PCSK9 improves its uptake in immune cells. 

THP-1 cells were polarized into resting (M0), pro-inflammatory (M1), and anti-inflammatory (M2) mac- 

rophages. 24 hours after polarization, cells were treated with intact (UC) or f-PCSK9 (FC) for 3 hours at 

37⁰C. Cells were lysed, and uBCA was done before it was resolved by SDS-PAGE and detected by western 

blotting. The blot represents 3 independent experimental repeats. 

 

 

 

 

 

 

 

 

 

 

Figure 19: Scavenger receptor class B does not interact with PCSK9. 

 
Input PCSK9 (A) consisting of predominantly uncleaved (intact) (UC) or furin-cleaved (FC) was 

incubated for 3 hours in HEK293 cells transiently transfected with vector control plasmid or plasmids 

expressing SCARB1in the presence of chloroquine (CQ); the role of the CQ is to prevent the lysoso- 

mal degradation of PCSK9 by raising the lysosomal pH. Following the 3 hours incubation, cells were 

then lysed. uBCA was done to quantify the amount to be loaded, and proteins were resolved by SDS- 

PAGE and detected by western blotting using α-actin as a loading control. 
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Figure 20: F-PCSK9 interacts with CD36 and LOX-1. 

HEK293 cells were transiently transfected with vector control plasmid or plasmids expressing (A) CD36 or 

(B) LOX1. 24 hours post-transfection, the cells were treated and incubated for 3 hours with uncleaved (UC) 

or f-PCSK9 (FC) (5 µg), preincubated in the absence (-) or presence (+) of oxLDL (0.5µg/ml) for an hour at 

37⁰C. Following 3 hours of incubation, cells were then lysed, and uBCA was done to quantify the amount 

of protein to be loaded. Protein was resolved by SDS-PAGE and detected by western blotting using α-actin 

as a loading control. Quantification shown in the graph represents mean n=3 with standard error, and stars 

indicate statistical differences according to one sample t-test 
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Several clinical studies have shown the beneficial effects of PCSK9i-mAbs [21, 22, 193, 261, 262, 274]; 

this effect is possibly achieved, in part, by preventing the action of furin on PCSK9, which would ordi- 

narily lead to f-PCSK9 generation. When this possibility was tested by preincubating with an inhibitor, 

such as alirocumab, furin proteolysis of PCSK9 was blocked, as seen in Figure 21. 

 

 

 

 

Figure. 21: Alirocumab inhibits furin-induced PCSK9 proteolysis. 

C-terminally FLAG-tagged full-length PCSK9 (intact) (1µg) was preincubated for 1 hour at 37⁰C in the 

absence (-) or presence (+) of alirocumab (0.5µg). Following the 1-hour incubation, reactants were fur- 

ther incubated for 6 hours at room temperature in the absence (-) or presence (+) of recombinant human 

furin (0.44µg). Further proteolysis was stopped by adding 1X Bolt buffer and 1X DTT and boiled for 5 

minutes at 96⁰C. Protein was resolved on SDS-PAGE and detected by western blotting. Blot is a repre- 

sentation of two independent experimental repeats. 
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4.3 Discussion: 

Consistent with earlier reports that local and systemic inflammation upregulates intact PCSK9, herein, 

we show that f-PCSK9 was also upregulated along with the intact PCSK9 in LPS-treated mice (Figure 

16), suggesting that factors that upregulate intact PCSK9 also upregulate the cleaved variant. As reported 

by Feingold et al. [212], the upregulation of intact PCSK9 in an inflammatory state is not a product of 

SREBP activation, with the conclusion that the increased expression is likely through the decrease in the 

activities of FXR (farnesoid X receptor)/or PPAR-α (peroxisome proliferator-activated receptor α) that 

negatively regulate PCSK9 mRNA expression and/or increased activity of the transcription factor HNF- 

1α as a positive regulator. Still, this increase in intact PCSK9 expression may not fully explain the 

rationale behind the upregulation of the f- PCSK9 variant in this setting. As mentioned earlier, inflam- 

mation also upregulates furin expression [51, 52]. Increased furin activity within this inflammatory phase 

would likely enhance the interaction or contact of furin and intact PCSK9, generating the f-PCSK9 var- 

iant. The longer the inflammatory phase, the more f-PCSK9 generation would occur. This suggests that 

the upregulation of intact PCSK9 acts in synergy with that of furin, leading to the increased plasma 

levels of the f-PCSK9 variant. In support of this notion, we observed a robust uptake of the f- PCSK9 

variant in proinflammatory M1-polarized macrophages, mirroring the acute inflammatory state (Figure 

18). It is also possible that other molecular mechanisms might be at play as well. 

TNF-α (Tumor necrosis factor -α) and 1L-1-β (Interleukin 1-β) are two families of cytokines implicated 

in the acute inflammatory phase [279, 280]. Ding et al. [281] reported an increase in PCSK9 secretion 

by IL-1-β involving the NLRP3 (nucleotide-binding domain, leucine-rich-containing family, pyrin do- 

main-containing-3) inflammasome. Inflammation and oxLDL are known activators of the NLRP3 in- 

flammasome, and Katsuki et al. [282] reported that exogenous PCSK9 induced mRNA expression of 

markers of inflammation such as TNF-α, IL1-β, etc. This report also corroborated an earlier account of 
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the upregulation of markers of inflammation by exogenous PCSK9 [283]. However, these studies did 

not explore whether this effect was due to intact PCSK9 or f-PCSK9, which may have also been present. 

Indeed, in our experience, any preparation of PCSK9, whether purified or in conditioned medium, will 

invariably contain f-PCSK9. As noted, furin is also upregulated in the inflammatory state, so one cannot 

rule out the possibility of the f- PCSK9 variant contribution in a physiological setting. Herein, we ob- 

served an increase in the mRNA of TNF-α and IL-1β in THP-1 macrophages treated with the f-PCSK9 

variant (Figure 17A & D). Our working hypothesis was that f-PCSK9 might function as a ‘DAMP’ 

independently or in conjunction with other ligands involved in the innate immune response. The in- 

creased mRNA of TNF-α and IL-1β observed here supports the f-PCSK9 ‘DAMP’ concept. This line of 

thought might indeed be the likely scenario as we also observed an upregulation of mRNA of LOX1 in 

the f-PCSK9 treated M0 macrophages (Figure 17C), suggesting that f-PCSK9 could contribute to driv- 

ing this phenotype to an acute inflammatory state. 

Limited proteolysis by enzymes such as furin can not only inactivate substrate molecules, as in the case 

of the inability of f-PCSK9 to bind to LDLR but can also, in some cases, generate new bioactivities in 

substrate molecules [31]. Our data in Figure 13 (Chapter 3) suggests that removal of ~65 amino acids 

(Ser153 – Arg218) from the N-terminus of the catalytic domain of PCSK9 by furin [19] reveals a latent 

membrane binding ability, which could facilitate its recognition by scavenger receptors LOX1 and CD36 

(Figure 20), and possibly other ligands associated with Chol/SM rich membranes such as cellular cave- 

olae/lipid rafts and the outer membrane surface of circulating LDL particles. This recognition or binding 

might be weak, requiring a high concentration of PCSK9 to elicit these interactions in vitro. However, 

it is important to state that PCSK9 levels are upregulated in an inflammatory state, not only systemically 

(mainly liver-derived) but also locally by various cell types, including vascular endothelial cells at sites 

of inflammation. Thus, local PCSK9 concentrations may be much higher at sites of vascular 
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inflammation than those present in plasma in the basal state. Because factors that upregulate inflamma- 

tory conditions are constantly enhanced, leading to the worsening of this phase, local PCSK9 concen- 

trations, including f-PCSK9, might also mirror these factors. Although CD36 and LOX1-induced uptake 

of exogenous f-PCSK9 was enhanced in the presence of oxLDL, it is currently unclear if this is due to 

oxLDL binding to the scavenger receptor, with f-PCSK9 as a passive component of the oxLDL, or if 

oxLDL association in some way improves the ability of the f-PCSK9 to interact with CD36 or LOX1. 

Of note, evidence suggests PCSK9 induces the degradation of CD36, while crosstalk exists between 

PCSK9 and LOX1 [204, 218, 229]. Although our focus here was f-PCSK9 cellular uptake and possible 

downstream signaling effects, it would be interesting to see if the f-PCSK9 variant also induces CD36 

degradation. Furthermore, PCSK9i- mAbs, such as Alirocumab, are suggested to attenuate arterial wall 

inflammation [284]. Inhibition of furin-mediated proteolysis by PCSK9i-mAbs at vascular sites of in- 

flammation would alter the generation of local f-PCSK9, significantly reducing the inflammatory sig- 

naling pathway. In support of this possibility, the furin-cleavage site in PCSK9 is within the binding 

interface to the LDLR EGF-A domain, the target site of PCSK9i-mAbs. Indeed, we observed that the 

PCSK9i alirocumab blocks the cleavage of PCSK9 by furin (Figure 21). This is also consistent with an 

earlier report by Schroeder et al., who were interested in exploring whether therapeutic Abs targeting 

PCSK9 would have a lesser inactivating effect on PCSK9-mediated LDLR degradation if the furin site 

was also blocked [270]. It is necessary to state that inhibition of furin-mediated PCSK9 proteolysis might 

not be the only way these PCSK9i-mAbs reduce inflammation; it might also involve multiple other fac- 

tors. For example, blocking the PCSK9:LDLR interaction, which is the primary objective of these ther- 

apies, significantly reduced plasma LDL-C, and this would reduce the infiltration and modification of 

LDL-C within the vascular wall [8]. Of note, oxLDL is the primary source of cholesterol accumulation 

in macrophages [285]. As shown in Figure 11C, f-PCSK9 readily interacts with oxLDL. Perhaps this 
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interaction would enhance the further accumulation of oxLDL in a vicious cycle, ultimately enhancing 

the formation of foam cells. Inhibiting the generation of f-PCSK9 and thereby lowering the interaction 

of oxLDL with f-PCSK9 could be another way by which PCSK9i-mAbs arrest inflammation. In con- 

clusion, although inert in LDLR degradation or perhaps other cellular functions, our studies support that 

proteolytic processing of PCSK9 by furin potentiates its bioactivities in stimulating inflammation. 
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4.4 Materials and Methods. 

Animal Care 

C57Bl/6 (WT) female mice were cared for according to the Canadian Council on Animal Care Guide- 

lines, 2020. Mice were maintained and housed in the Animal Care and Veterinary facility at the Univer- 

sity of Ottawa Health Institute, and all experiments were approved (animal use protocol HI-2909) by the 

Institute. 

 

 

Lipopolysaccharide (LPS) Treatment 

 
LPS from Escherichia coli (Sigma-Aldrich, L4391) was diluted with sterile PBS to a working solution. 

Either saline or LPS working solution was put into a 0.5 mL syringe with a 30 G needle. Female C57BI/6 

mice (6-10 weeks old), previously maintained on a standard laboratory diet, were weighed. Saline or LPS 

was intraperitoneally injected into the mice as per their body weight (1 mg/kg body weight). Following 

24 h post injections, Mice were sacrificed, and blood was collected through cardiac puncture into a sterile 

tube and left for 20 minutes for the blood sample to clot. Following clotting, the tubes were centrifuged 

at 12,000 RPM for 10 minutes. The clear supernatant (serum) was collected and stored at -80⁰C for 

subsequent utilization. 

 

RNA Isolation and RT-qPCR 

 
THP-1 cells were maintained in medium G until the cells reached confluency (1.5x106 cells/mL). To 

turn THP-1 monocytes into undifferentiated macrophages (M0), the cells were incubated with 100 nM 

PMA at 37⁰C in a CO2 chamber for 72 h. Following 72 h incubation, THP-1 undifferentiated macro- 

phages were either polarized to M1 (100 ng/mL LPS and 20 ng/mL IFN-Ɣ) or M2 (20 ng/mL IL-4 and 

20 ng/mL IL-13) and incubated for another 24 h. Following 24 h incubations, cells were treated with 
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either intact – or f-PCSK9 (~1µg) for a further 24 h incubation period, after which total RNA was har- 

vested using Trizo reagent (Roche Diagnostic) according to the manufacturer's instructions. cDNA re- 

actions were prepared from 800 ng of total RNA using the Roche transcription first strand cDNA syn- 

thesis kit per the manufacturer's instructions, and a 1:5 dilution was made for qPCR. Using the primers' 

sequence of interest and SYBR green dye (Roche Diagnostic), real-time quantitative PCR was carried 

out, and data normalized to either HPRT1 or SRP14 gene expression and fold change relative to control 

was calculated. 

 

 

Cellular PCSK9 uptake in THP-1 cells 

THP-1 cell was maintained in medium G until the cell reached confluency (1.5x106 cell/mL). To turn 

THP-1 monocytes into undifferentiated macrophages (M0), the cells were incubated with 100 nM PMA 

at 37⁰C in a CO2 chamber for 72 h. Following 72 h incubation, THP-1 undifferentiated macrophages 

were either polarized to M1 (100 ng/mL LPS and 20 ng/mL IFN-Ɣ) or M2 (20 ng/mL IL-4 and 20 ng/mL 

IL-13) and incubated for another 24 h. ~5 µg of either intact or f-PCSK9 was preincubated with 0.5 mg 

of oxLDL for 1 h at 37⁰C. Following 1 h incubation, cells were treated with PCSK9/oxLDL complex 

for a further 3 h in the presence of 50 µM chloroquine before cell harvest. Relative cellular PCSK9 

uptake was determined by western blotting. 

 

 

Inhibition of Furin-induced Proteolysis Assay 

 
C-terminally FLAG-tagged full-length PCSK9 (intact) (~1µg) was preincubated for 1 hour at 37⁰C in the 

absence (-) or presence (+) of alirocumab (0.5µg). Following the 1-hour incubation, reactants were further 

incubated for 6 hours at room temperature in the absence (-) or presence (+) of recombinant human furin 

(0.44µg). Further proteolysis was stopped by adding 1X Bolt buffer and 1X DTT (reducing agent) and 
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boil for 5 minutes at 96⁰C. Protein was resolved on SDS-PAGE and detected by western blotting. 

See Chapter 3, section 3.4 for f-PCSK9 generation and cellular PCSK9 uptake in HEK293 cells. 
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Chapter 5: Conclusion and future study directions. 

 
This dissertation sets out to expound on alternate confirmations of PCSK9 and the functional role of 

these conformations on PCSK9 biology. Specifically, this work sheds light on the structure- function 

aspects of PCSK9 biology to further enhance our understanding of the role of structural changes in i) 

the PCSK9-LDL interaction, ii) PCSK9's ability to regulate LDLR, and iii) PCSK9's role in inflamma- 

tion. 

i) PCSK9-LDL interaction: While the molecular site in apoB100 that binds PCSK9 is currently 

unidentified and would need further studies, below are some key findings from this work in the 

context of the LDL-PCSK9 interaction. For the first time, we show that LDL binds and associates 

with human circulating cleaved-PCSK9, presumably with the prodomain attached (chapter 3). 

Although furin-cleaved GOF PCSK9 mutants such as S127R-PCSK9 and R496W-PCSK9 abol- 

ished in vitro LDL association, it appears the prodomain of these variants still retain some form of 

LDL binding (result not shown). A previous study from our group established Gln31 – Leu52 in 

PCSK9 prodomain as necessary residues significant for LDL binding, as deleting these amino 

acids abolishes this function [169]. This suggests that the prodomain might not only be essential 

in LDL-PCSK9 interaction but could be the critical domain in this interaction or possibly act inde- 

pendently. One way to verify the role of PCSK9 prodomain in LDL interaction in future work 

would be to generate a PCSK9 prodomain alone (by inputting a stop codon at Q152 through muta- 

genesis) variant in fusion protein such as glutathione S-transferase (GST)-tag, either in WT- 

PCSK9 or Del35-PCSK9 background and test LDL binding potency. Of note, our in vitro LDL-f- 

PCSK9 and oxLDL-f-PCSK9 interaction was enhanced 1.5-fold and 10-fold, respectively, possi- 

bly because the excision by furin of aa S153 to R218 may have exposed a latent binding motif in 

PCSK9, suggesting that the N-segment in PCSK9 catalytic domain is inhibitory to nLDL and 
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oxLDL binding. Furin-mediated proteolysis and membrane association, as we also report a pref- 

erential binding of cleaved PCSK9 with liposomes, could result in global conformational changes 

in PCSK9 that potentially affect its critical functional properties. One possible way to go about this 

in future work would be through structural studies such as mapping of this N-segment's functional 

role by performing alanine scanning to identify essential residues and through modeling using X- 

ray structure determination of intact- and f-PCSK9 bound to phospholipid-based detergent bicelles 

to mimic the effect of biological membranes. The rationale is that improved lipid binding of f- 

PCSK9 would result in crystal formation in the presence of phospholipid-based detergent bicelles, 

and this can be used to identify membrane-interacting regions of PCSK9. Also, determining how 

much cleaved circulating PCSK9 is bound to oxLDL would be interesting. As previously stated, 

cleaved PCSK9 is inert in LDLR degradation; thus, the physiological relevance of LDL-bound 

cleaved PCSK9 is unclear in the regulation of LDLR. Clarifying the functional role of this variant 

in future work would enhance our understanding of this species in human circulation. 

ii) Regulation of LDLR by PCSK9: PCSK9's ability to regulate LDLR, as seen in Chapters 2 

and 3, mainly depends on PCSK9 structural integrity. PCSK9 forms a protein-protein interaction 

with the LDLR. A large body of evidence has established the EGF-A domain of LDLR and the 

catalytic domain of PCSK9 as the primary binding interface; however, despite being far removed 

from this interface, the PCSK9 prodomain IDR is a potent allosteric autoinhibitor of LDLR bind- 

ing. Disruption of the molecular nature of the IDR of PCSK9 by deletion has been shown to en- 

hance LDLR-PCSK9 interaction [169, 174]. Much emphasis is placed on regulating the activities 

of PCSK9 on LDLR by disrupting the binding interface at the EGF-A domain of LDLR and the 

catalytic domain of PCSK9. Although expensive, PCSK9i-mAb-based therapeutics are 
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highly successful in drastically reducing PCSK9-mediated LDLR degradation. An alternate route 

to regulate LDLR degradation, such as a small molecule PCSK9 inhibitor, could be designed to 

target the IDR of PCSK9 without necessarily disrupting the LDLR binding activity at the cell 

surface. Once within the acidic early endosomal compartment in a complex with the LDLR, this 

small molecule could trigger prodomain dissociation from PCSK9 so the LDLR would be released 

to recycle back to the cell surface. Our studies with using GSGG-PCSK9 in Chapter 2 provide a 

basis for the promise of this approach, as this variant with only a short sequence replacement in 

the prodomain IDR bound effectively to cell surface LDLRs but was less effective at inducing 

LDLR degradation in hepatic cells due to subsequent prodomain dissociation. As mentioned in 

Chapter 3, proteolyzed f-PCSK9 is inert in LDLR degradation, and mAb-based therapy such as 

alirocumab attenuates PCSK9's action on LDLR [286]. Therefore, at first glance, it would appear 

that furin proteolysis of PCSK9 and the mAb-based treatment accomplish a similar feat – upregu- 

lation of LDLR expression. However, limited proteolysis by enzymes such as furin can also generate 

new bioactivities in substrate molecules, as seen in Chapter 4 of this dissertation. As shown in 

Figure 21, the PCSK9i-mAb alirocumab blocks the proteolysis of PCSK9 by furin. Thus, this and 

evolocumab, the other clinically approved PCSK9i-mAb therapy, could have the dual benefit of 

preventing the PCSK9-LDLR interaction while also preventing the conversion of intact PCSK9 to 

pro-inflammatory f-PCSK9. However, these mAb therapies are costly, and designing novel 

PCSK9 inhibitors that consider the characteristics of the different subspecies of PCSK9 would be 

innovative. 

iii) PCSK9's role in inflammation: As demonstrated in Chapter 4, proteolytic processing of 

PCSK9 potentiates its bioactivities not only towards LDL (native and oxidized) but also scavenger 

receptors such as CD36 and LOX1 as well as proinflammatory cytokine expressions. Plasma 
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intact-PCSK9 clearance occurs through binding to LDLR [14], and f-PCSK9 was shown to be 

reduced in evolocumab-treated patients [121]. However, to our knowledge, no studies have been 

performed in vivo to specifically study the role of f-PCSK9 in inflammation. Thus, it would be 

essential for future studies to evaluate the effect of proteolytic processing of PCSK9 on inflamma- 

tion by specifically looking at the LDLR-independent role of PCSK9. One possible way to do this 

would be through AAV-PCSK9 vectors targeting various tissues. Liver-targeted AAV8- PCSK9 

has been shown to increase susceptibility to Western diet-induced atherogenesis in mice and is 

widely used as a means to generate LDLR-deficient phenotype. Amino acid substitutions of inter- 

est could be introduced into the commercially available vector in which an AAV8-hPCSK9- D374Y 

(hPCSK9DY) transgene is driven by a liver-specific APOE/hAAT1 promoter, and through muta- 

genesis, furin-resistant R218S-PCSK9 (hPCSK9DY/RS), furin optimized RRR218RE 

(hPCSK9DY/RRRRE) or R496W, a mutant our group previously determined that abolishes LDL bind- 

ing (hPCSK9DY/RW) could be expressed along with a luciferase (AAV8-Luc) control for any pos- 

sible effect of AAV8 injection. Both sexes of wild-type mice should be investigated to examine the 

possibility of hormonal differences with the Western diet regime for 12 weeks to examine param- 

eters of PCSK9 function in the context of intact PCSK9 vs. cleaved PCSK9 with or without LDL 

association. The use of different variants of PCSK9 would allow for discerning the effects of furin 

proteolysis and lipoprotein association on PCSK9-driven atherosclerosis development in the con- 

text of a high-fat Western diet. These types of in vivo experiments will be critical in moving for- 

ward toward improved therapeutics targeting PCSK9. They would also inform on the widespread 

use of AAV-PCSK9 vectors to induce an Ldlr-/- phenotype in experimental mice, as the generation 

of f-PCSK9 in these models could produce independent proinflammatory effects. 
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Conclusion 

Knowledge of PCSK9 biology has grown beyond the regulation of LDLR protein levels. However, ex- 

ploring alternate conformations of PCSK9 to design novel therapeutics for inhibiting PCSK9 bioactivi- 

ties is still unexplored. As demonstrated through this dissertation, the removal of ~65 amino acids 

(Ser153—Arg218) from the N-terminal of the catalytic domain of PCSK9 by furin can elicit downstream 

signaling function. Disrupting the molecular nature of PCSK9 prodomain IDR can also affect its role in 

LDLR regulation. 

This dissertation has demonstrated a new paradigm in PCSK9 biology, and this will further aid our under- 

standing in designing future PCSK9 inhibitors directed at different conformations of PCSK9. 
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Appendix A – Mutagenesis Primers 

 
Sequences of forward (F) and reverse (R) primers used to mutate C-terminally FLAG-tagged 

wild-type human PCSK9. 

 

Mutant  Primer Sequence (5’→ 3’) 

E48R F: CCTTGCGTTCCcgGGAGGACGGCC 

 R: GGCCGTCCTCCcgGGAACGCAAGG 

E49R F: TGCGTTCCGAGcgGGACGGCCTGGCC 

 R: GCCAGGCCGTCCcgCTCGGAACGCA 

G47SGG F: AGCCTTGCGTggCagtGgGGgCGGCCTGGCCG 

 R: GCCAGGCCGcCCcCactGccACGCAAGG 

S47A F: CTAGCCTTGCGTgCCGAGGAGGACGG 

 R: CCGTCCTCCTCGGcACGCAAGGCTAG 

E48KD50A F: GCGTTCCaAGGAGGcCGGCCTGG 

 R: CCAGGCCGgCCTCCTtGGAACGC 

Q152• F: GTCTTTGCCtAGAGCATCCCGTG 

 R: CACGGGATGCTCTaGGCAAAGAC 

S47AE48K F: CTTGCGTGCCAAGGAGGACGGCC 

 R: GGCCGTCCTCCTTGGCACGCAAG 

E49A F: GCGTTCCGAGGcGGACGGCCT 

 R: GGCCGTCCgCCTCGGAA 

D50R F: GTTCCGAGGAGcgCGGCCTGGCCGA 

 R: GCCAGGCCGcgCTCCTCG 

E48K F: TTGCGTTCCaAGGAGGACGGC 

 R: GGCCGTCCTCCTtGGAACGCAAGGC 

E48A F: GCCTTGCGTTCCGcGGAGGACGGCC 

 R: GGCCGTCCTCCgCGGAACGCAAGGC 

D50A F: CAGGAGGACGAGGACcGCGACTACGAGGAGC 

 R: GCTCCTCGTAGTCGCgGTCCTCGTCCTCCTG 

R218S F: CGCTTCCACAGtCAGGCCAGC 

 R: GCTGGCCTGaCTGTGGAAGCG 

S47D F: CCTTGCGTgaCGAGGAGGACGGCC 

 R: GGCCGTCCTCCTCGtcACGCAAGG 

RRRR218E F: GGGACCCGCcgCCgCAGAgAGGCCAGC 

 R: GCTGGCCTcTCTGcGGcgGCGGGTCCC 

RRRR218ET F: CCCGCcgCCgCAGAgAGaCCAGCAAG 

 R: CTTGCTGtCCTcTCTGcGGcgGCGGG 

RRRR218 F: GACCCGCcgCCgCAGACA 

 R: CCTGTCTGcGGcgGCGGG 
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Appendix B Supplementary data 
 

 

 
Supplementary Figure 1: Schematic Proteolytic processing of PCSK9 A) Secreted 

mature PCSK9 showing the prodomain, catalytic, and C-terminal domain, the furin-cleavage frag- 

ments, and the excised ~7-kDa segment. (B) Evolutionary sequence conservation at furin- and DPP4- 

cleavage sites 
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