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Abstract 

The global prevalence of chronic kidney disease (CKD) has risen at an accelerating rate, 

increasing the global healthcare burden for long-term and chronic care costs. Multiple risk 

factors including hypertension, diabetes, and dyslipidemia synergistically induce the progression 

of CKD. Chief among these factors are dyslipidemia and obesity; increased free fatty acid uptake 

due to excess consumption of lipid-rich diets has been shown to promote intra-renal lipid 

accumulation in several in vivo models and in patients in various stages of CKD. Furthermore, 

patients with renal disease are also at a substantially higher risk for atherosclerotic 

cardiovascular disease (CVD). In the general population, as well as in patients with renal disease, 

circulating low-density lipoprotein cholesterol (LDLc) is a well-established driver of 

atherosclerotic lesion development and CVD progression. In 2003, the proprotein convertase 

subtilisin/kexin type-9 (PCSK9) was identified as the third locus of familial 

hypercholesterolemia and was further characterized for its ability to enhance the degradation of 

the low-density lipoprotein receptor (LDLR). Since this seminal discovery, the development of 

monoclonal antibodies targeted against PCSK9 demonstrated a significant reduction in LDLc 

and subsequent CVD risk, establishing the remarkable ‘bench to bedside’ transition. However, 

the inherent role of PCSK9 in regulating lipid homeostasis remained unknown in different 

pathological conditions. In the first chapter of my thesis, I demonstrate that PCSK9 regulates the 

LDLR as a feedback mechanism to protect against non-alcoholic steatohepatitis (NASH) 

progression induced by a high-fat diet (HFD) challenge. 

Since its seminal discovery, PCSK9 was also characterized to modulate a wide variety of 

receptors known to play a crucial role in lipid metabolism including the cluster of differentiation 

36 (CD36), the very low-density lipoprotein receptor (VLDLR), and the apolipoprotein E 
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receptor 2 (ApoER2). Previously, we have demonstrated that the absence of PCSK9 promotes 

diet-induced non-alcoholic steatohepatitis and liver injury through increased surface expression 

of CD36. Given that these same receptors are well-expressed on renal epithelia, the second 

chapter of my thesis demonstrates that PCSK9 is also able to modulate renal lipid metabolism by 

attenuating tubular lipid accumulation and subsequent renal injury. 

Furthermore, when PCSK9 was first characterized by Seidah and colleagues in 2003, in 

situ hybridization of murine PCSK9 demonstrated that it was primarily expressed in the liver, but 

also well-expressed in the kidney cortex, cerebellum, and small intestines. Despite its expression 

in a wide range of tissues, the secretion of PCSK9 was exclusive to the liver, thus, questioning 

what the intracellular role of PCSK9 may be. Hence, my last chapter of my masters studies lies 

in establishing the role of intracellular PCSK9 expression in a cellular process known as 

endoplasmic reticulum (ER) stress in the kidney. ER stress is a phenomena which primarily 

occurs due to increased accumulation of misfolded polypeptides, and has been implicated in 

numerous metabolic diseases including hepatic steatosis, CKD, and neurodegenerative 

pathologies. Previously, we have demonstrated that overexpressing wild-type and variants of 

PCSK9 in a Pcsk9-/- mouse does not induce the activation of the unfolded protein response 

(UPR) and attenuates hepatic ER stress. Using a well-established CKD model, I show that Pcsk9-

/- mice exhibit increased renal ER stress and injury relative to wild-type controls. Overall, my 

findings demonstrate for the first time that both extracellular and intracellular PCSK9 has the 

ability to modulate renal injury using two distinct mechanism to protect against CKD 

progression. 
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 1. Introduction 

1.1 Elucidating the crosstalk between CKD and CVD 

Chronic kidney disease (CKD) is considered one of the leading worldwide health 

concerns that is increasing at an alarming rate, thereby negatively impacting the global 

healthcare burden for long-term and chronic care costs (1). In 2017, the prevalence of CKD at 

various stages reached approximately 47 million people in North America, comprising 15-20% 

of the population (2). Hence, focusing on therapeutic approaches in alleviating the prevalence 

and economic burden caused by CKD is of critical importance.  

The diagnosis of CKD is defined as a persistent abnormality in renal structural integrity 

and function (i.e. glomerular filtration rate (GFR) <60mL/min/m2 or albuminuria >30 mg per 

day) and is commonly attributed to risk factors including family history, hypertension, diabetes, 

and obesity (3). The progression of CKD consists of multiple stages, ranging from stage 1 

normal function (>60% renal function; GFR >90mL/min/m2) to stage 5 renal failure (<15% renal 

function; GFR <15mL/min/m2) (Figure 1). As the disease progresses, CKD patients develop 

severe renal interstitial fibrosis, proteinuria, glomerulonephritis, tubular atrophy, nephron loss, 

and compromised creatinine clearance (4). Despite the wide range in etiology, cardiovascular 

disease (CVD) risk is arguably considered a significant risk factor for CKD progression (5, 6, 7).  

 

1.1.1 The CVD influence 

CVD remains as the primary driver of morbidity and mortality in North America, 

accounting for more than 40% of annual deaths. In addition to total mortality, the inadequate 

management of CVD often leads to long-term disabilities from complications of heart attacks, 
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strokes, heart failure, and end-stage renal disease (ESRD) (9, 10, 11). A prominent risk factor of 

CVD is obesity, which is considered a major generator of metabolic syndrome (12). In the 

context of CKD, early stages of obesity-induced metabolic syndrome promote glomerular 

hyperfiltration, glomerular basement membrane thickening, mesangial cell proliferation, and 

expansion of Bowman’s capsule (13, 14). Although not fully understood, several mechanisms 

have been proposed to contribute to the pathogenesis of renal injury, one of which include 

abnormal lipid metabolism (15). The first line of evidence originates from Kimmelstiel and 

Wilson et al. in 1936 (17), demonstrating the presence of lipid deposits in the kidneys of diabetic 

patients, suggesting a role in the progression of renal disease. Since then, several other studies 

have shown a significant correlation between serum lipid, renal lipid deposition, and proteinuria 

with a progressive decline in renal function (15, 16). In the early 1990s, large-scale studies 

focusing on the link between dyslipidemia and CKD reported that the hazard ratio of proteinuria 

was significantly elevated in CKD patients with high circulating cholesterol (18); regardless of 

gender, these patients presented with low high-density lipoprotein (HDL) and significantly 

elevated levels of triglyceride. In support of these findings, a recent meta-analysis (19) reported 

that 90% of patients diagnosed with CKD exhibited significantly higher levels of circulating 

cholesterol (> 240 mg/dL), and that more than 80% of those who were not treated with 

hemodialysis had elevated LDLc levels above 130 mg/dL. Thus, in the literature, there is a 

substantial amount of epidemiological evidence to reason a causative influence that CVD has 

over CKD progression and severity. 
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Figure 1. Relative risk for progression, morbidity, and mortality of chronic kidney disease 

at various stages predicted by GFR and albuminuria (86). 
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1.2 ER Stress: Implications in CKD 

1.2.1 ER structure and function 

 The endoplasmic reticulum (ER) is an essential organelle ubiquitously exhibited in 

mammalian cells and plays an important role in Ca2+ homeostasis, lipid synthesis, detoxification 

of chemicals and de novo protein synthesis and subsequent maturation (20). An important 

component of ER function is the quality control of protein folding, as misfolded proteins are 

recognized before their transition to the Golgi apparatus where it undergoes lysosomal and 

proteasomal degradation. Molecular chaperones, which reside in the ER lumen, are charged with 

these diverse tasks and rely on a tightly regulated oxidizing environment provided to them by the 

ER (21). Disturbances in this optimal environment for proper protein folding reduce the 

chaperone activity and eventually mitigate the net efficiency of proper polypeptide folding. With 

an increased aggregation in misfolded polypeptides, this in turn promotes ER stress, an 

established driver of a variety of human diseases including kidney, cardiovascular, 

neurodegenerative, and several metabolic diseases (21, 22).  

 

1.2.2 ER stress and UPR activation 

 Given that the ER is chiefly responsible for the synthesis and proper folding of all 

secretory, transmembrane, and ER luminal proteins, the accumulation of misfolded proteins are 

detected via a highly conserved signaling cascade (23) known as the unfolded protein response 

(UPR). The activation of the UPR is dependent on the dissociation of ER-resident chaperones 

such as the glucose-regulated protein of 78kDa (GRP78) from three transmembrane sensors in 

the ER lumen, which all work in concert at an attempt in mitigating ER stress. 
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The first of the three transmembrane ‘arm of the UPR’ is the highly conserved inositol-

requiring enzyme-1 (IRE1). The activation of the UPR promotes the auto-phosphorylation and 

dimerization of IRE1 (26), which then enables IRE1 to act as an endoribonuclease and splices 

the X-box-binding protein-1 (XBP1) (27). The activated spliced form of XBP1 (sXBP1) then 

translocate to the nucleus and enhances the expression of genes involved in endoplasmic 

reticulum associated degradation (ERAD) and represses global translation of proteins (28). The 

phosphorylation of the protein kinase RNA-like ER kinase (PERK) represents the second arm of 

the UPR. Upon UPR activation, this promotes the phosphorylation of the eukaryotic initiation 

factor 2α (peIF2α) (29). pEIF2α then acts to reduce the influx of de novo polypeptides entering 

the ER at an attempt to attenuate global protein synthesis (29, 30). As expected, the final arm of 

the UPR is the activating transcription factor 6 (ATF6). UPR activation causes the transition of 

ATF6 from the ER membrane to the Golgi apparatus for processing and activation by site-1 (S1) 

and site-2 (S2) proteases (24), both of which are also well known to process the activation of the 

sterol regulatory element binding proteins (SREBP), key players in several lipogenic pathways 

(25). The active fragment of ATF6 then translocate to the nucleus and promotes the transcription 

of chaperones, as well as the ERAD process. Overall, the chronic activation of these 

transmembrane proteins and their downstream signaling pathways result in cellular apoptosis, 

inflammation, and fibrosis in the context of CKD progression (31, 32).  

 

1.2.3 Chronic ER stress in renal injury 

 Much of the debate on CKD progression through pro-fibrotic and inflammatory 

activation focuses on whether this phenotype is a maladaptive progressive mechanism or an 

adaptive response to injury. Likewise, UPR activation in the context of ER stress represents a 
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compensatory response to increase the proper folding efficiency of the ER, which then is 

represented as a pathological state in chronic conditions (31). Aside, it is known that the 

structural integrity of the kidney is compromised as a result of a dynamic combination in the 

activation of cellular apoptosis, inflammation, and fibrosis (33). As such, several recent studies 

have suggested a therapeutic approach at combatting this dynamic combination through the 

inhibition of prolonged ER stress and UPR activation. 

 Chemical agents, such as 4-phenylbutyrate (4-PBA) have been suggested as an inhibitor 

of ER stress and UPR activation. 4-PBA was primarily approved by the Food and Drug 

Administration for the clinical use in urea cycle disorders. It acts as an ammonia scavenger (34), 

a weak histone deacetylase (HDAC) inhibitor (35), and an ER stress inhibitor (36, 37). As an ER 

stress inhibitor, it acts as a low molecular weight chemical chaperone by preventing protein 

mislocalization and aggregation. Similar to chaperones like GRP78, 4-PBA uses its hydrophobic 

regions to interact with the exposed hydrophobic regions of misfolded polypeptides (38). In the 

context of CKD, 4-PBA has been reported to attenuate blood pressure, albuminuria, and tubular 

casts in mouse models through the inhibition of ER stress (39). Others have also demonstrated 

that 4-PBA was able to attenuate ER stress-induced renal tubular cell apoptosis and renal fibrosis 

in vivo (88). Thus, the inhibition of ER stress through chemical chaperones like 4-PBA may 

represent a promising therapeutic approach in targeting CKD progression. 

 

1.3 CD36: A driver of renal injury and CKD progression 

 The fatty acid translocase, CD36, is a transmembrane scavenger receptor that plays an 

important role in the progression of several metabolic diseases including atherosclerosis, non-

alcoholic fatty liver disease (NAFLD) (40), diabetes mellitus (41), and metastatic cancer (42). In 
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the kidney, CD36 has been reported to play a pivotal role in promoting intra-renal lipid 

accumulation, cellular apoptosis, and both inflammatory and pro-fibrotic signalling pathways (43, 

44, 45) (Figure 2). Mechanistically, CD36 acts as a multifunctional receptor that mediates the 

cellular uptake of long-chain fatty acids and oxidized lipoproteins and is abundantly expressed in 

the proximal and distal tubular epithelium, as well as on podocytes, mesangial cells, and interstitial 

macrophages (46, 47, 48). Previous studies demonstrated that disruption of CD36-dependent 

pathways can modulate the development of kidney fibrosis. In mice, transgenic overexpression of 

tubular CD36 led to an increase in intra-renal lipid accumulation and resulted in the up-regulation 

of pro-fibrotic genes and markers of UPR activation (44). In podocytes, CD36-dependent uptake 

of palmitic acid led to a dose-dependent increase in ER stress, mitochondrial reactive oxygen 

species (ROS) production, ATP depletion, and apoptosis (47). Furthermore, CD36-deficient mice 

on HFD developed significantly less renal fibrosis compared with wild-type mice at days 3, 7, and 

14 after unilateral ureteral obstruction surgery (89). As such, accumulating evidence strongly 

suggest that CD36 stands as a key driver of renal damage and its potential use as a therapeutic 

target for the management of renal disease has yet to be fully elucidated. 
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Figure 2. CD36 as an established driver of renal injury and disease through the activation 

of pro-inflammatory, fibrotic, and apoptotic pathways (85). 
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1.4 PCSK9: From bench to bedside 

1.4.1 Structure, function, and expression 

The proprotein convertase subtilisin/kexin type 9 (PCSK9) is a 692 amino acid zymogen 

that is primarily expressed in the liver, kidney cortex, small intestine, and the cerebellum. Upon 

translation, nascent PCSK9 undergoes autocatalytic cleavage at position VFAQ152↓, a necessary 

step for its maturation and secretion from the ER (49). Following zymogen cleavage, PCSK9 

traffics through the Golgi apparatus and is secreted into the blood. Since its seminal discovery by 

Seidah et al. in 2003, secreted PCSK9 has been shown to bind to surface LDLR (50) through the 

epidermal growth factor (EGF)-a domain at Kd ranging between 90-840 nmol/L. Upon binding, 

the PCSK9-LDLR complex undergoes endocytosis where it gets degraded in the lysosome. From 

a biological standpoint, the binding half-life of PCSK9 to the LDLR for degradation is 5-10 

minutes, which is subsequently followed with an internalization half-life of 2-3 hours. 

Interestingly, although PCSK9 has been shown to be expressed in multiple tissues (Figure 3), the 

vast majority of circulating PCSK9 which interacts with surface LDLR is secreted by 

hepatocytes (51).   

The SREBP family, which are well-known to regulate de novo lipogenesis and 

triglyceride production, plays a major role in the synthesis of PCSK9 (52). SREBP-2 

specifically, which upon activation promotes cholesterol synthesis and uptake, also 

transcriptionally regulates the LDLR. With this paradoxical relationship, the dual transcriptional 

regulation of PCSK9 and the LDLR suggests that secreted PCSK9 may act as a negative 

feedback regulator of surface LDLR in excess amounts. Overall, this entire process is initiated 

upon detection of low intracellular lipid levels by the sterol-sensing domain of the insulin-

induced gene-1 (INSIG-1), which primarily anchors the inactive SREBP-2 in the ER lumen. 
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Upon release, SREBP-2 localizes to the Golgi apparatus with the SREBP cleavage-activating 

protein (SCAP), a necessary binding partner of SREBP-2 for its proteolytic cleavage and 

activation by S1-protease and S2-protease. Upon activation, SREBP-2 translocate to the nucleus 

and enhances the expression of cholesterol regulatory genes to increase intracellular cholesterol 

levels as a homeostatic response (53). Given the recent discovery of SREBP-2 to regulate 

PCSK9 expression, it suggests that there may exist a hinderance in the efficacy of LDLc-

lowering therapies. Statins for example, which act to suppress de novo lipogenesis through 

inhibiting HMG-CoA reductase (HMGCR) activity, in turn been shown to activate the SREBP 

family and thus, increase the expression and secretion of PCSK9 (52).  
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Figure 3. Murine in-situ hybridization of PCSK9 suggests abundant expression in liver, 

kidney cortex, small intestine, and cerebellum (87). (Approved and credited to creative 

commons at creativecommons.org. No changes were made in this figure.)  
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The cloning and localization of the PCSK9 gene on the short arm of chromosome 1p32 

(49) represents the third familial hypercholesterolemia (FH) locus, with the first two represented 

by the LDLR and its ligand apolipoprotein B (apoB). Following its cloning, gain-of-function 

(GOF) mutations of the PCSK9 gene at positions F216L and S127R were first identified as the 

cause of the hypercholesterolemic phenotype observed in two French families, exhibiting 

approximately 2-fold and 4-fold increase in circulating LDLc respectively (54). In contrast, loss-

of-function (LOF) mutations in PCSK9 lowers circulating LDLc levels, as demonstrated by the 

R46L mutation for example, which resulted in a 47% reduction in the risk of CVD. Overall, the 

identification of circulating PCSK9 and its ability to modulate surface LDLR levels represents a 

major phenotype in regulating circulating LDLc levels. 

 

1.4.2 Current and future clinical therapies 

 As PCSK9 positively correlates with LDLc levels through its interaction with the LDLR, 

fully human monoclonal antibodies (mAbs) that target against PCSK9, Alirocumab and 

Evolocumab were recently FDA-approved in 2016 (56). These anti-PCSK9 mAbs consist of 

fully human IgG subtypes that inherently bind with an approximate 1:1 stoichiometry to 

circulating PCSK9 and block its binding to the LDLR through the EGF-a domain. The efficacy 

of this biologic was examined within the ‘Further Cardiovascular Outcomes Research with 

PCSK9 Inhibition in Subjects with Elevated Risk’ (FOURIER) trial which demonstrated a 60% 

reduction (from a median of 92 mg/dL to 30 mg/dL) in LDLc levels using Evolocumab in 

patients at risk of CVD (55). On an average 2 year follow-up, a reduction in primary 

cardiovascular outcomes (i.e. cardiovascular death, myocardial infarction (MI), stroke, 

hospitalization for angina) with Evolocumab administration suggested a 15% relative risk 
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reduction with the use of PCSK9 mAbs. Thus, the inhibition of PCSK9 through mAb therapy 

represents a novel approach to reduce circulating LDLc levels and combat against CVD.  

 However, given the high cost and lack of affordability of PCSK9 mAbs, this perpetuated 

the need of finding alternative therapeutic approaches at targeting PCSK9 inhibition. Very 

recently, the development of inclisiran, a small interfering RNA (siRNA) targeted against 

PCSK9 has recently been approved for PHASE III clinical trials (57). In the randomized, double-

blind, phase II ORION-1 trial, a two-dose regimen of inclisiran exhibited approximately a 70% 

reduction in circulating PCSK9 and a corresponding 53% reduction in LDLc levels. Thus, the 

use of inclisiran also represents a promising approach, given that ironically, the inhibition of 

PCSK9 using PCSK9 mAbs have recently been reported to increase circulating PCSK9 levels 7-

10 fold in patients with CVD (58). The extent to determine the mechanism for this observation, 

as well as the activity and retained functionality of de novo circulating PCSK9, have yet to be 

elucidated. 

 Other preliminary approaches that have yet to reach the clinical setting include blocking 

the interaction of PCSK9 to the LDLR using EGF-a mimetics, and to inhibit proPCSK9 

autocatalytic cleavage in the ER lumen (59). Specifically, the latter represents the ER retention 

approach for PCSK9, which we have previously reported to not cause UPR activation and in 

turn, protect against ER stress-induced liver injury (Lebeau et al., submitted). However, two 

permanent PCSK9 inhibition strategies have been proposed, which include PCSK9 vaccination 

and CRISPR-Cas9 gene silencing of PCSK9 (60, 61). Although novel, these approaches on the 

permanent silencing of PCSK9 expression raises concern on its long-term effects.  
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1.4.3 PCSK9: Beyond the PCSK9-LDLR interaction 

 Since the seminal discovery of PCSK9 by Seidah and colleagues, others have 

demonstrated that PCSK9 can promote the degradation of other surface receptors. These include 

the structural homologues of the LDLR; both the very low-density lipoprotein receptor (VLDLR) 

(62) and apolipoprotein (apoE) receptor-2 (ApoER2) (63), the CD81 receptor for hepatitis C 

virus (64), the epithelial sodium channel (ENaC) for blood pressure regulation (65), and beta 

secretase for Alzheimer’s disease progression (66). Most notably however, is the ability of 

PCSK9 to degrade CD36. Using a variety of methods, including subcellular tracking, co-

immunoprecipitation, and surface plasmon resonance, Demers et al. demonstrate that PCSK9 

binds to the extracellular loop of CD36 to mediate its internalization and subsequent degradation 

(63). The authors then demonstrate that both GOF and LOF models of PCSK9 were able to alter 

surface expression of CD36 and was the first to implicate the potential role of PCSK9 in 

triglyceride metabolism. In our laboratory, we confirmed this phenotype as PCSK9 was able to 

protect against CD36-mediated liver injury in vivo using a mouse model of HFD (67).   

 On the other hand, our laboratory also demonstrate the effect of PCSK9 intracellular 

retention by overexpressing the PCSK9Q152H variant (69), which fails to undergo autocatalytic 

cleavage and secretion from the ER (68). Although we first observed that overexpressing such a 

protein did not induce UPR activation, we observed that overexpression of PCSK9 protected 

against ER stress-inducing agents such as thapsigargin (TG) and tunicamycin (TM) (Lebeau et 

al. unpublished). To elucidate a mechanism for this effect, we demonstrated that PCSK9 

increases the stability and abundance of ER-resident chaperones, most notably, GRP78 and 

GRP94, to protect against ER stress. In support of these findings, the robust ER stress observed 

in mice overexpressed with the LDLR retention variant, LDLRG544V, was attenuated with co-
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overexpression of the PCSK9Q152H. Thus, while inherently reducing circulating PCSK9 through 

its retention in the ER, the intracellular role of PCSK9 may also act as a potential therapeutic 

target to combat against CVD. 
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2. Research Objectives and Hypotheses 

 The first aim of my MSc research project was to characterize the role of PCSK9 in 

hepatic lipid metabolism within the context of NAFLD. Recent studies demonstrated that liver 

steatosis grade in patients were positively correlated with circulating PCSK9 levels (78). 

However, no mechanism underlying this observation has been proposed and thus, remained 

unclear. Given that PCSK9 is almost exclusively secreted by the liver, and that we have 

previously demonstrated that ER stress induces de novo PCSK9 expression, I hypothesized that 

diet-induced hepatic ER stress promoted de novo PCSK9 expression. Furthermore, I also 

hypothesized that these changes could be a mechanism to the dyslipidemia that is exhibited in 

patients with NAFLD. 

Since its seminal discovery in 2003, PCSK9 has been shown to promote the degradation 

of several other well-known receptors that promote extracellular lipid uptake into tissue, such as 

the VLDLR, apoER2, and CD36. Previously, we have demonstrated that circulating PCSK9 can 

protect against CD36-driven NAFLD to protect against CVD risk. Given the abundant 

expression of CD36 in the proximal and distal tubules of the kidney cortex (43, 44, 45), I 

hypothesized that the absence of circulating PCSK9 would promote excess renal lipid 

accumulation to induce the onset/progression of diet-induced kidney injury. 

Lastly, given that PCSK9 is well-expressed in the kidney cortex, we sought to investigate 

the role of renal PCSK9 in the context of renal disease. Recent papers have demonstrated that 

circulating PCSK9 may play a role in the dyslipidemia that is exhibited in patients with nephrotic 

syndrome. However, no papers to date have investigated the endogenous role of PCSK9 in 

kidney function and thus, remains to be elucidated. Previously, we have demonstrated that 

intracellular retention of PCSK9 is able to protect against ER stress-induced liver disease. As 
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such, I hypothesized that renal PCSK9 could also protect against ER stress-induced kidney 

disease in a mouse model of CKD by upregulating ER chaperones independent of UPR 

activation.  

 

2.1.1 Part 1: Diet-induced hepatic steatosis abrogates cell-surface LDLR by inducing de novo 

PCSK9 expression in mice. 

 

Published: Lebeau & Byun et al. 2019. Diet-induced hepatic steatosis abrogates cell-surface 

LDLR by inducing de novo PCSK9 expression in mice. J. Biol. Chem. 294, 9037-9047 

 

Research summary: The worldwide prevalence of NAFLD is increasing rapidly. Although this 

condition is generally benign, accumulating evidence now suggests that patients with NAFLD 

are also at increased risk of CVD; the leading cause of death in developed nations. Despite the 

well-established role of the liver as a central regulator of circulating LDLc levels, a known driver 

of CVD, the mechanism(s) by which hepatic steatosis contributes to CVD remains elusive. 

Interestingly, a recent study has shown that circulating PCSK9 levels correlate positively with 

liver steatosis grade. Given that PCSK9 degrades the LDLR and prevents the removal of LDL 

from the blood into the liver, in the present study we examined the effect of hepatic steatosis on 

LDLR expression and circulating LDL cholesterol levels. We now report that in a manner 

consistent with findings in human patients, diet-induced steatosis increases circulating PCSK9 

levels as a result of de novo expression in mice. We also report the novel finding that steatosis 

abrogates hepatic LDLR expression and increases circulating LDL levels in a PCSK9-dependent 

manner. These findings provide important mechanistic insights as to how hepatic steatosis 
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modulates lipid regulatory genes like PCSK9 and the LDLR, and also highlights a novel 

mechanism by which liver disease may contribute to CVD. 

 

2.1.2 Part 2: PCSK9 blocks renal surface CD36 expression to prevent tubular lipid 

accumulation and renal injury 

 

Submitted: Byun et al. 2019. PCSK9 blocks renal surface CD36 expression to prevent tubular 

lipid accumulation and renal injury. J. Am. Soc. Nephrol., December 11, 2019 

 

Research summary: The discovery of the PCSK9 has led to the development of a new line of 

therapeutics capable of significantly lowering circulating cholesterol levels. Since this discovery, 

PCSK9 has been reported to modulate the uptake of circulating lipids through a range of receptors 

including the LDLR and CD36, all of which are ubiquitously expressed on hepatocytes and renal 

epithelia. In the kidney, CD36 is reported to promote renal injury through pro-inflammatory and 

fibrotic pathways. In this study, we sought to investigate the role of PCSK9 in modulating renal 

lipid accumulation and injury through CD36 in a diet-induced mouse model. The effect of PCSK9 

on lipid uptake and accumulation was first examined in cultured renal cells. Lipid accumulation 

was then assessed in Pcsk9-/- mice for diet-induced renal injury. As a result of PCSK9 deficiency, 

we observed that heightened CD36 levels increased the uptake of free fatty acids (FFA) in renal 

cells. Our results indicate that the uptake of long-chain saturated FFAs promote ER stress, which 

was further exacerbated in the absence of exogenous PCSK9 in vitro. Consistent with these 

observations, Pcsk9-/- mice fed a HFD displayed elevated ER stress, inflammation, fibrosis, and 

renal injury relative to controls. Overall, we report that circulating PCSK9 modulates renal lipid 
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uptake in a manner dependent on renal CD36. In the context of increased dietary fat consumption, 

the absence of circulating PCSK9 may promote renal lipid accumulation and subsequent renal 

injury. 

 

2.1.3 Part 3: Renal PCSK9 protects against AngII/DOCA induced progression of renal injury 

in mice 

 

In preparation: Byun et al. 2020. Renal PCSK9 protects against AngII/DOCA induced 

progression of renal injury in mice. J. Sci. Reports 

 

Research summary: CKD is a global health concern due to its increasing worldwide prevalence 

and its cause remains to be elucidated. However, several lines of evidence implicate the 

association between ER stress and CKD progression demonstrated in clinical patients and 

multiple animal models. Recently, we have identified the role of intracellular PCSK9 as a co-

chaperone in the ER lumen by upregulating ER-resident chaperones independent of UPR 

activation in order to alleviate ER stress. Given that PCSK9 is highly expressed in hepatocytes 

and also in the renal cortex, we sought to investigate whether renal PCSK9 can protect against 

ER-stress induced renal injury using an established model of CKD. To investigate the role of 

renal PCSK9, cultured renal cells and Pcsk9-/- mice were overexpressed with human PCSK9 and 

assessed for UPR activation either in the presence or absence of ER-stress inducing agents, 

thapsigargin or tunicamycin. Pcsk9-/- mice were then assessed for ER-stress induced renal injury 

using an AngII/DOCA CKD model. We observed that overexpression of PCSK9 in cultured 

renal cells can protect against basal UPR activation or with an agent that is well-known to induce 
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ER stress. Consistent with these observations, we also observed that Pcsk9-/- mice exhibit 

increased renal fibrosis, inflammation, and apoptosis with the AngII/DOCA therapy relative to 

WT controls. Overall, we demonstrate here that the depletion of intracellular PCSK9 in the 

kidney exacerbates renal ER stress and subsequent injury. In multiple mouse models, the 

expression of renal PCSK9 is able to modulate ER stress through the attenuation of UPR 

activation. 
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3. Materials and Methods 
 

Cell Culture, Transfections and FFA treatments: 

Human immortalized proximal tubule epithelial (HK-2), hepatocytes (Huh-7 and HepG2), 

embryonic kidney (HEK293), and primary rat mesangial cell lines were used. All cells were 

cultured in Dulbecco's Modified Eagle Medium (Gibco, ThermoFisher Scientific) supplemented 

with 10% fetal bovine serum (FBS) (Sigma-Aldrich), and 50 IU/ml of penicillin and 100μg/ml 

streptomycin (Sigma-Aldrich). All cells were maintained in 5% CO2 at 37°C. Cells were plated 

at a confluence of 60% for transfection experiments. Transfection cocktail consisted of the 

following ratio: 1µg DNA:3 µl X-tremeGENE HP DNA reagent:100 µl Opti-MEM. The cDNA 

of human WT PCSK9 and the PCSK9Q152H retention variant was cloned into pIRES-EGFP with 

a V5-tag inserted between the N-terminal signal peptide. Moreover, as a relative measure of ER 

stress and UPR activation in cells, HK-2 cells were transfected with an ER stress-activated 

indicator (ERAI) plasmid (79). Briefly, under conditions of ER stress, the ER stress-specific 

intron is spliced and removed from the ERAI mRNA transcript leading to a frameshift and 

subsequent production of functional FLAG-spliced XBP1 protein. Cells were treated with LDL 

(Lee Biosolutions), oxidized low-density lipoprotein (ox-LDL) (Alfa Aesar), oleate (Alfa Aesar), 

and palmitate (Sigma-Aldrich) that were conjugated to FA-free bovine serum albumin (BSA). 

All treatments were carried out overnight for 24 h unless specified otherwise.  

 

HFD Model Animal Studies 

6-week old male Pcsk9-/- mice on a C57BL/6J background and age-matched controls were placed 

on either a normal control diet (NCD) (n=10) or HFD (60% fat/Kcal; ENVIGO #TD06414; 
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n=10) for 12 weeks with ad libitum access to food and water. All animal procedures were 

approved by the McMaster University Animal Research Ethics Board. 

 

Tunicamycin Model Animal Studies 

Both 12-week and 50-week old mice on a C57BL/6J background and age-matched controls were 

given intraperitoneal injection of either phosphate-buffered saline (PBS) or TM (0.5mg/kg) and 

sacrificed 3 days later. All animal procedures were approved in accordance with McMaster 

University animal care guidelines. 

 

PCSK9 Transgenic Model Animal Studies 

Briefly, a composite human albumin promoter containing a 235 bp SV40 enhancer element and a 

213 bp albumin promoter element (pDRIVE-SV40-hAlb, InvivoGen, San Diego, CA) was used 

to control the expression of full-length human PCSK9 cDNA containing a C-terminal V5 tag. To 

enhance this expression, a chimeric intron (pRL-SV40, Promega, Madison, Wisconsin) was 

inserted between the PCSK9 cDNA and the promoter. The V5-tagged hPCSK9 construct was 

injected into the pronucleus of fertilized eggs from the C57BL6J/N strain mice. Confirmation of 

transgenic founders and their offspring was identified by a PCR product amplified from insulator 

sequences. These transgenic animals were a generous gift by Dr. Nabil Seidah, IRCM, Montreal.  

 

CKD Model Animal Studies 

10-week old mice on a C57BL/6J background and age-matched controls underwent 

uninephrectomy (Unx) 2 weeks before the initiation of the experiment. Mice were then given 1% 

sodium chloride in the drinking water and implanted subcutaneously with a DOCA pellet 
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(Innovative Research of America, M-121) and an angiotensin II (AngII)-infused (Sigma) model 

1004 ALZET osmotic pump. The DOCA was a 50 mg 21-day releasing pellet while 1.5ng of 

AngII was delivered per minute per gram of bodyweight by the osmotic pump. All mice were 

sacrificed on day 14 after the initial implantation. All animal procedures were approved by the 

McMaster University Animal Research Ethics Board and were in collaboration with Drs. Jeffrey 

Dickhout and Rachel Carlisle at the Hamilton Centre for Kidney Research. 

 

Blood Pressure Measurements 

Blood pressures of mice were obtained through tail cuff plethysmography using a CODA (Kent 

Scientific) blood pressure analyzer. Mice were positioned on a heating pad and were placed in 

restraint to be provided with the tail cuff apparatus. The cuff measured absolute systolic blood 

pressure, diastolic blood pressure, heart rate, and flow rate.  

  

Immunoblotting 

Cells and tissues were lysed in SDS-containing buffer containing protease and phosphatase 

inhibitor (Roche), as described previously (69). Protein concentrations were measured using a 

modified Lowry protein assay (Bio-Rad). Samples were then electrophoretically resolved on 7-

10% polyacrylamide gels and subsequently transferred to nitrocellulose membranes. Membranes 

were blocked using 5% w/v skimmed milk in tris-buffered saline (TBS) containing Tween-20 for 

1 h and subsequently incubated in primary antibody overnight for 18 h at 4˚C. To detect bound 

primary antibodies, horse radish peroxidase (HRP) conjugated antibodies were used (goat anti-

rabbit, Bio-Rad; donkey anti-goat, Santa Cruz, goat anti-mouse, Bio-Rad) and developed using a 
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chemiluminescent reagent (FroggaBio). Quantification of immunoblots was assessed after 

normalization to β-actin (Sigma-Aldrich).  

 

Real-time Polymerase Chain Reaction (PCR) 

Total RNA from tissues and cell culture was isolated using an RNA purification kit according to 

manufacturer’s instructions (ThermoFisher Scientific). A total of 2 µg of RNA was reverse-

transcribed to cDNA using SuperScript Vilo IV cDNA synthesis kit (ThermoFisher Scientific). 

Quantitative real-time PCR (qRT-PCR) assessment of different mRNA species was used in 

conjunction with FAST SYBR Green (ThermoFisher Scientific). All primer sequences are listed 

in Table 2. 

 

Oil-Red-O (ORO) staining 

Cells were fixed using 4% paraformaldehyde and stained with ORO (Sigma-Aldrich) for 5 min. 

After washing, cells were counterstained with Gills hematoxylin (no.5, Sigma Aldrich) and 

mounted on a glass slide. For quantification purposes, ORO stain was extracted from cells using 

isopropanol for 20 minutes on an orbital shaker at 37oC. Optical density of ORO-exposed 

isopropanol extracts was quantified using a spectrophotometer (molecular devices) at a 

wavelength of 520nm. For ORO staining of in vivo models, 10 µm thick sections of mouse OCT-

embedded kidneys were washed with propylene glycol and stained with ORO for 10 min. 

Following staining, tissues were repeatedly washed with propylene glycol and counterstained 

using alum hematoxylin. 

 

Triglyceride and Creatinine Quantification 
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Renal cortical tissue was assessed for triglyceride content using a triglyceride assay kit (Abcam) 

according to manufacturer’s instructions. All data was normalized to tissue weight. Plasma 

creatinine (Sigma-Aldrich) was measured using a colorimetric assay as per manufacturer’s 

instructions. 

 

PCSK9 ELISA 

Quantification of PCSK9 in media was determined as per the manufacturer’s instructions using 

the R&D systems human Quantikinine PCSK9 ELISA.  

 

Immunohistochemical (IHC) Staining 

4 µm thick sections were deparaffinized, blocked in 5% v/v serum and subsequently incubated 

with primary antibodies for 18 h at 4˚C. Sections were incubated with biotin-labeled secondary 

antibodies (Vector Laboratories). Streptavidin-labeled HRP solution (Vector Laboratories) and 

NovaRed developing solution (Vector Laboratories) were used to visualize the staining. Slides 

were examined using a Nikon light microscope (Nikon DS-Ri2). Relative staining intensity was 

quantified using ImageJ software (n=10). For Picro Sirius Red (PSR) staining, kidney sections 

were exposed to saturated picric acid solution and stained with Sirius red F3B (Color Index 

35782).  

 

Statistical Analysis 

Statistical analysis for two-group comparisons was conducted using unpaired Student's t-test and 

for multiple group comparison, one-way ANOVA was used. Statistically significant differences 

were considered at p<0.05. All error bars are represented as standard deviation of the mean. 
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7. Discussion 

 Since the seminal discovery of PCSK9 and its ability to modulate LDLc levels through the 

LDLR, transition into the development of clinically-available mAbs within the decade now stands 

as testament of PCSK9 being an important mediator of CVD risk (55). This also emphasizes the 

importance of biomedical research as a foundation for translational clinical application, where 

targeting PCSK9 as a therapeutic target is a prime example of the ‘bench to bedside’ concept. 

Nevertheless, it is still unknown the long-term effects of targeting PCSK9 inhibition in patients, 

thus, ongoing investigations within the field of cardiovascular research and renal disease are of 

utmost importance. 

 The overall objective of my thesis was to investigate the potential influence that PCSK9 

may have in association with renal disease. Although extensively studied in association with liver 

function and CVD, very little is known within the current literature pertaining to the role that 

PCSK9 may have in modulating renal function and disease. Given that the kidney also expresses 

both endogenous PCSK9 and the receptors that it has been demonstrated to interact with on the 

renal epithelia (85) , we sought to investigate the effect of PCSK9 in the context of renal function 

and/or injury. Herein, my first objective was to initially elucidate the role PCSK9 in homeostatic 

lipid metabolism using a diet-induced mouse model (75). Consistent with clinical findings, our 

studies revealed that diet-induced model of HFD in mice exhibited significantly elevated levels of 

circulating PCSK9 (74). We reported that by exposing hepatocytes to FFA consisting of both long-

chain saturated and unsaturated fatty acids resulted in a reduction in surface LDLR, suggesting 

that the increase in circulating PCSK9 acts as a negative feedback regulator to prevent excess lipid 

deposition and accumulation in the liver.  
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In the context of renal disease, others have also demonstrated that circulating PCSK9 is 

significantly elevated in several in vivo models of kidney pathology (70, 71). Recent studies have 

shown a connection between circulating PCSK9 and its role in nephrotic syndrome. The primary 

pathology associated with nephrotic syndrome is damage to the glomeruli and podocytes, with the 

secondary pathology being dyslipidemia. Haas et al. demonstrated that podocyte damage-induced 

nephrotic syndrome increases plasma PCSK9 levels and leads to dyslipidemia: a dyslipidemia that 

was markedly attenuated in PCSK9 knockout mice (72). These findings demonstrate that 

dyslipidemia has an influence in renal disease, and thus, targeting PCSK9 may have an effect in 

attenuating renal injury. 

 However, an interesting inconsistency was observed during the course of these studies. 

Previously, Lebeau et al. demonstrated that ER stress blocked PCSK9 secretion despite its 

increased expression in hepatocytes (69). Given that excessive lipid uptake is widely reported to 

cause ER stress via ER Ca2+ depletion (80), we in turn, observed that intracellular uptake of FFAs 

in vitro and in HFD conditions in vivo increased PCSK9 secretion from hepatocytes. The 

discrepancy in the secretion of PCSK9 in both of these conditions may be explained through 

multiple reasons. Firstly, despite others reporting that PCSK9 acts as an ER stress-induced gene 

(39, 69), it is well-established that PCSK9 transcription is also strongly induced by fluxes in lipid 

regulation (81). Given that long-chain saturated FFAs like palmitate simultaneously act to induce 

ER stress and disrupt lipid homeostasis (80), differentiating which stimulus has a greater effect in 

PCSK9 secretion remains to be elucidated. A possible mechanism could be through the 

upregulation of ER-resident chaperones through UPR activation in conditions of both 

pharmacologic treatment of ER stress-inducing agents and/or excess intracellular uptake of FFAs. 

As ER-resident chaperones such as GRP94 have been reported to be a strong binding partner of 
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PCSK9 (77), perhaps the magnitude of UPR activation in influencing the upregulation of ER-

resident chaperones can explain the discrepancy in both of these conditions. Given that 

pharmacologic agents such as thapsigargin or tunicamycin treatment are strong inducers of ER 

stress, these agents may increase ER chaperone abundance to a significantly greater extent than in 

conditions of HFD or uptake of saturated FFAs. Overall, however, these findings suggest that 

increased PCSK9 secretion in conditions of diet-induced liver disease represent a protective stance 

by acting as a negative feedback loop to prevent excess hepatic lipid uptake. 

 The second objective of my thesis was to assess renal injury in the context of PCSK9 

deficiency. We sought to investigate the effect of ablating PCSK9 as a negative feedback regulator 

from promoting excess lipid accumulation in a variety of tissues, including the kidney. Herein, we 

demonstrated that PCSK9 deficiency in mice promotes renal lipid deposition, likely occurring as 

a result of increased expression of surface receptors known to uptake lipids from circulation, such 

as CD36 and the LDLR. The lipid nephrotoxicity hypothesis, first postulated by Moorhead et al. 

in 1982 (73), suggests that dyslipidemia promotes CKD progression by inducing oxidative, 

inflammatory, and ER stress. Our studies also are in accordance with this hypothesis that increased 

renal lipid deposition promoted HFD-induced ER stress, inflammation, and renal fibrosis as a 

result of a deficiency in circulating PCSK9.  

 In the current landscape of studies investigating the role of CD36 in renal disease, CD36 

has been shown to induce renal injury through several distinct mechanisms (45, 46). Herein, we 

provide a mechanistic insight of CD36 in promoting renal injury through its ability to enhance 

excess lipid uptake into renal tissue. Other studies have reported that independent of lipid uptake 

and deposition, CD36 enhances renal injury through pathways pertaining to inflammation, fibrosis, 

and apoptosis (47, 48). In the adriamycin-induced nephropathy mouse model of focal segmental 
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glomerulosclerosis, podocyte injury was caused by CD36-dependent apoptosis via activation of 

the p38MAPK pathway (82). In streptozotocin-treated mouse model of diabetic nephropathy, 

insulin treatment was able to attenuate CD36-driven hyperglycemia (83). Therefore, it is possible 

that perhaps the deficiency of PCSK9 can have an effect on CD36-driven renal injury independent 

of HFD conditions and excess FFA uptake. 

 Interestingly, these findings are also in line with our previous data suggesting that PCSK9 

deficiency also enhances diet-induced hepatic steatosis (67). Given that both the LDLR and CD36 

are also heavily expressed on the surface of hepatocytes, we also observed that excess FFA uptake 

induced ER stress and liver injury to a greater extent in Pcsk9-/- mice compared to controls. These 

findings support the notion from my first objective that PCSK9 may have a protective stance 

against diet-induced pathologies such as non-alcoholic fatty liver disease (NAFLD) and lipid 

driven renal injury (75). Thus, this yields the question whether PCSK9 deficiency can modulate 

the pathogenic progression of various other tissues that also express the LDLR and CD36 such as 

the pancreas, skeletal muscle, macrophages, and the heart. 

 Clinically, this provides an insight into the current FDA-approved mAbs against PCSK9, 

which binds to the EGF-a-binding domain of PCSK9 to prevent its interaction with the LDLR (55). 

Recent studies have demonstrated that such antibodies increase circulating PCSK9 levels 7-fold 

as a result of the reduced rate of LDLR-mediated removal of PCSK9 from circulation (70). Given 

that the domain in which PCSK9 interacts with CD36 remains unclear and may potentially differ 

from the LDLR, we realized that a whole-body knockout of PCSK9 did not accurately represent 

the long-term effects of these PCSK9 mAbs. Thus, we also sought to investigate if mAb-bound 

PCSK9 still has the ability to enhance the degradation of renal CD36 to protect against lipid-

induced renal injury. Herein, we also reported that the administration of alirocumab is able to 
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reduce the surface expression of CD36 on the renal epithelia (Byun et al., unpublished). These data 

strongly suggest that PCSK9 interacts with CD36 via a different domain than it does with the 

LDLR. Interestingly, mRNA transcript levels of CD36 were also significantly reduced with 

alirocumab administration, thereby highlighting a second mechanism as to the observed reduction 

in surface CD36 expression. Given that alirocumab increases cellular cholesterol uptake through 

the LDLR, reduced expression of SREBP-2, PCSK9, and CD36 may represent a negative feedback 

loop in order to reduce further lipid uptake and accumulation.  

 The last objective of my thesis was to elucidate the role of endogenously expressed renal 

PCSK9 (Byun et al., unpublished). The data thus far, demonstrating the extent to which the 

observed renal injury in Pcsk9-/- mice occurs as a result of excess diet-induced lipid uptake, 

represents a limitation of my previous objective. Previously, we have identified a mechanism in 

which the retention of PCSK9 acts as a co-chaperone to attenuate ER stress in hepatocytes by 

promoting the stability of ER chaperones, GRP78 and GRP94. Thus, this raises the question of 

whether the observed increase in ER stress due to HFD conditions in Pcsk9-/- mice may have 

occurred as a result of (1) increased lipid uptake, and also (2) increased sensitivity of ER stress 

due to a lack of renal stress-response chaperones. Furthermore, others have demonstrated that ER 

stress has a direct effect in upregulating genes responsible for the upregulation of de novo 

lipogenesis. Lhotak et al. demonstrated that ER stress contributed to renal proximal tubule injury 

by increasing SREBP-2 mediated lipid accumulation and cellular apoptosis (76). To reverse these 

effects, overexpression of ER-resident chaperones was able to attenuate ER stress-induced renal 

lipid accumulation. As such, we investigated if renal PCSK9 also acts as a co-chaperone to 

modulate ER stress in a murine model of CKD.   
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 Consistent with its intracellular role in hepatocytes, we demonstrated that in the absence of 

intracellular renal PCSK9, Pcsk9-/- mice exhibit increased renal injury as a response to the 

AngII/DOCA therapy. Given this observation, we also observed that the kidney cortex of Pcsk9-/- 

mice exhibit reduced expression of ER-resident chaperones and subsequent UPR activation. In 

line with this data, others have demonstrated that ER stress is able to promote renal injury using 

the same AngII/DOCA murine model of CKD (39). Mohammed et al. reported that administration 

of 4-PBA was able to significantly decrease blood pressure and interstitial fibrosis induced by this 

CKD model. Interestingly, as this model was able to significantly upregulate markers of UPR 

activation, the PCSK9 gene was also significantly upregulated, with a greater increase with the 4-

PBA treatment. Given that ER-resident chaperones such as GRP78 and GRP94 are heavily 

upregulated in conditions of ER stress, the observation that the AngII/DOCA model is able to 

increase PCSK9 expression suggests that this may possibly be a compensatory response and 

implies a chaperone-like role for PCSK9 with in the ER lumen. 

 Furthermore, Lebeau et al. previously reported the role of ER stress in the modulation of 

hepatic PCSK9 and LDLR (75). Using ER stress-inducing agents that cause ER Ca2+ depletion, it 

was observed that changes in Ca2+ levels in the ER lumen has a distinct effect on upregulating the 

transcriptional regulation of endogenous PCSK9 via SREBP-2 activation. Interestingly, however, 

despite the increased PCSK9 mRNA, Lebeau et al. also concluded that ER stress was able to block 

the secretion of PCSK9 and increase surface LDLR in primary hepatocytes. Although its 

mechanism remains to be elucidated, recent reports identified GRP94 as an ER-resident binding 

partner of PCSK9 (77), and thus, its upregulation through ER stress may explain how it is able to 

hinder the exit of PCSK9 from the ER lumen. However, the inherent biological reason as to why 



   92 
 

ER stress promotes the retention of PCSK9 despite increasing its expression remains unknown, 

but suggests again that PCSK9 may have a distinct role inside the ER lumen.  

Overall, my research objectives were an attempt to characterize the role of PCSK9 in 

modulating renal injury using a variety of different in vivo models of renal disease. Herein, we 

first determined that the upregulation of circulating PCSK9 in the context of HFD represents a 

protective, negative feedback response to reduce excess uptake of FFAs into the liver. As a result, 

we then observed that under HFD conditions in the context of PCSK9 deficiency, Pcsk9-/- mice 

also enhanced lipid uptake and deposition into the renal cortex in a CD36-dependent manner. 

Lastly, we suggest a novel intracellular role of PCSK9 in the renal cortex. Despite the wide range 

of studies demonstrating that ER protein retention induces pathological ER stress, Lebeau et al. 

shows that intracellular retention of PCSK9 stabilizes ER-resident chaperones to protect against 

UPR activation (Lebeau et al., submitted). Likewise, we observed that kidney-expressed PCSK9 

also plays a co-chaperone-like role in the ER lumen to protect against chronic UPR activation 

induced by multiple in vivo models of renal disease. Given these three research objectives however, 

it is currently challenging to discern if either depletion of circulating or intracellular renal PCSK9 

expression plays a bigger role in the ER stress observed in vitro and in vivo (Figure 4). Thus, 

further elucidating the distinction between the intracellular and extracellular protective role that 

PCSK9 may partake in attenuating renal disease is of utmost importance for these future ongoing 

studies in the Austin Laboratory. 
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Figure 4. Schematic diagram on the proposed roles of PCSK9 in attenuating renal ER 

stress to attenuate renal disease progression and injury. Mechanism A emphasizes on 

CD36-driven lipid uptake to induce ER stress in the absence of PCSK9. Mechanism B 

emphasizes on ER stress as a result of attenuated chaperone expression in the absence of 

PCSK9. 
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8. Overall Findings and Future Directions 
 

Overall, my thesis demonstrates that PCSK9 has an extensive role beyond hepatic lipid 

homeostasis and may have a novel effect in modulating renal injury using our established in vitro 

and in vivo models of CKD. We have initially demonstrated the effects of extracellular circulating 

PCSK9 in the context of diet-induced renal injury. Likewise, we also provide evidence of the 

effects of intracellular PCSK9 deficiency in the context of ER stress-induced renal inflammation, 

fibrosis, and compromised clearance of serum creatinine.  

Given that targeting PCSK9 remains as a novel therapeutic approach in combatting against 

CVD, ongoing investigations to elucidate novel mechanisms at reducing the secretion of PCSK9 

remains of high importance. Upon the initial discovery of PCSK9 and of its relative bodily 

expression using in situ hybridization (51), it was concluded that the secretion of PCSK9 was 

solely responsible by hepatocytes, as in vivo models of liver-specific Pcsk9-/- mice exhibited 

undetectable levels of it in circulation (84). Thus, this suggests that other tissues such as the kidney 

that also express PCSK9 may have an inherent mechanism as to how it is retained intracellularly. 

Taken together, the identification of the inherent mechanism as to how the kidney retains PCSK9 

despite its relatively abundant expression may represent a novel therapeutic avenue at reducing 

CVD risk and subsequent CKD progression. Given that the ER-resident chaperone GRP94 is a 

binding partner of PCSK9, it is worth investigating if the relative abundance or binding of 

chaperones to PCSK9 may have an effect in the ER retention of PCSK9. Key future experiments 

for this proposal include: 

 

Does reduced expression of ER chaperones modulate PCSK9 secretion? Previously, we have 

shown that ER-resident chaperones such as GRP94 binds to PCSK9 to evade UPR detection and 
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subsequent activation (69). Based on these findings, future studies will investigate whether the 

expression of GRP78 and GRP94 can modulate the secretion of PCSK9. In order to carry out this 

experiment, cells that express, but do not secrete PCSK9 (i.e. renal cells) will be treated with 

siRNA targeted against GRP78 and/or GRP94 and then assayed for secreted PCSK9 using ELISA. 

Likewise, secreted PCSK9 should also be measured in cells co-overexpressed with WT-PCSK9 

with either GRP78 or GRP94. The latter experiment will determine if overexpressing ER-resident 

chaperones can hinder the secretion of PCSK9 from these cells. To compare differences, optical 

density (OD) of ELISA will be normalized relative to protein abundance. Overall, these findings 

will determine a novel therapeutic strategy through the modulation of ER-resident chaperone 

expression to reduce circulating PCSK9 and ultimately, CVD progression. 

Furthermore, I have demonstrated that PCSK9 mAbs may have the ability to enhance the 

degradation of surface CD36, a well-known driver of several renal diseases that contribute towards 

the overall progression of CKD (43, 44, 45, 46) by inducing pro-inflammatory, fibrotic, and 

apoptotic pathways. Given that CD36 plays a crucial role in enhancing renal injury, it is worth 

investigating if currently approved PCSK9 mAbs can protect against CD36-dependent activation 

of renal pathogenesis. 

 

What is the effect of PCSK9 mAbs in the context of diet-induced and/or -independent renal 

injury? Based on these preliminary findings, future studies will investigate if PCSK9 mAbs can 

have a protective effect by attenuating CD36-driven renal injury in a diet-induced in vivo model. 

Briefly, mice will be placed in HFD conditions for 12 weeks with bi-weekly injections of 

alirocumab and/or evolocumab (30mg/kg) and assessed for diet-induced renal ER stress and injury. 

Other well-established in vivo models of CKD including unilateral ureter obstruction, 
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streptozotocin, and AngII/DOCA treatments can be used to evaluate if PCSK9 mAbs can protect 

against these conditions of renal disease. The results of these findings can suggest other attractive 

therapeutic mechanisms that the current FDA-approved PCSK9 mAbs may have at combatting 

against CVD and CKD.  

Lastly, a limitation of this study is the use of a whole body knockout of PCSK9 in our in 

vivo models to assess for renal lipid accumulation. As we have previously observed, both the 

extracellular and intracellular depletion of PCSK9 can promote ER stress-induced renal injury. 

Inherently, we cannot be certain that increased lipid uptake under HFD conditions was the sole 

culprit to the ER stress observed in these studies. This is certainly true, as ER stress has also been 

shown to promote intracellular lipid accumulation independent of diet through SREBP activation 

(76). Thus, assessing these effects individually can provide an insight as to which of these 

conditions plays a bigger factor in attributing to the progression of renal disease.  

 

What is the effect of liver-specific knockout of PCSK9 under HFD conditions? Based on our 

previous studies, we have shown that PCSK9 deficiency promotes increased lipid uptake in mice 

fed a HFD. Likewise, Seidah and colleagues have reported that liver-specific knockout of PCSK9 

completely reduces circulating PCSK9 while leaving its intracellular expression in the kidney 

intact (84). As such, liver-specific Pcsk9-/- mice and its relative controls will be placed under HFD 

conditions for 12 weeks and assessed for renal injury. The results of this experiment will provide 

a greater insight as to whether the observed diet-induced renal ER stress and injury is solely 

attributed to extracellular circulating PCSK9.  

 Collectively, the findings that were made over the duration of my masters studies further 

establishes the initial link made between PCSK9 and its role in modulating liver injury in a diet-
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induced model. By initially assessing its extracellular effects, these observations imply that PCSK9 

has an extensive effect beyond hepatic lipid homeostasis and may have in turn, a protective stance 

in renal injury through a manner dependent on surface CD36 on renal epithelia. On the other hand, 

the intracellular role of PCSK9 localized in the kidney also suggests an additional beneficial effect 

at directly attenuating ER stress-driven renal injury by stabilizing ER-resident chaperones, which 

are critical for the mitigation of UPR activation and polypeptide folding. Throughout this thesis, 

we support the notion that the role of PCSK9 has a crucial effect beyond lipid homeostasis and 

may potentially represent a novel therapeutic target for CKD progression. 
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