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Abstract

Atherosclerotic cardiovascular disease (CVD) is the leading cause of death worldwide.
Hypercholesterolemia and long-term elevated low-density lipoprotein cholesterol (LDL-C)
levels are the major risk factors for the development of atherosclerotic lesions, which can
eventually lead to myocardial infarction and many strokes, as well as disabling peripheral
artery disease. Lowering LDL-C levels remains the cornerstone of the management of CVD.
The LDL receptor (LDLR) in the liver is mainly responsible for the removal of LDL-C from
the blood. Proprotein convertase subtilisin/kexin type 9 (PCSK9) regulates cholesterol
metabolism by promoting LDLR degradation. An array of pharmaceutical companies has
created therapeutic agents to inhibit PCSK9 and block its interaction with LDLR, including
PCSK9 monoclonal antibodies and small interfering RNAs. These PCSK9 inhibitors, in
combination with existing cholesterol-lowering drug statins, have been shown to significantly
reduce circulating LDL-C levels and the risk of CVD in a wide variety of subjects. However,
we still face considerable challenges in providing equitable access to this PCSK9 therapy.
Studies of the cellular and molecular biology of PCSK9 can provide considerable insight into
the development of novel PCSK9 inhibitors with efficacy and cost-effectiveness. This thesis
aims to investigate the molecular biology of PCSK9, including the PCSK9 secretory pathway
and, upon secretion PCSK9’s interaction with LDLR, as well as the molecular mechanism of
PCSK9/LDLR lysosomal degradation.

In chapter 3, I investigated the role of the C-terminal domain (CTD) of PCSK9 and
SEC24, the cargo adaptor protein of the coated protein complex II (COPII), in PCSK9
maturation and secretion. I found that mutant PCSK9'-3?% in which amino acids from 528 to

the end (amino acid 692) were deleted, was maturated and secreted from cells as efficiently as
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the wild-type protein. Conversely, mutants PCSK9!-44¢ PCSK9!-#4>  and PCSK9!“*** that
missing amino acids 447-692, 446-692, and 445-692, respectively, all significantly impaired

PCSK9 maturation and secretion to a similar extent. Mutant PCSK9!-44

essentially eliminated
PCSKO9 secretion. We also found that natural variants in the CTD, including S462P, S465L,
E482G, R495Q and A522T, impaired PCSK9 secretion. Furthermore, knockdown of SEC24A,
SEC24B, and SEC24C (not SEC24D) reduced the full-length PCSK9 secretion but had no
effect on the secretion of mutant PCSK9!46, Together, these findings demonstrate the critical
role of the CTD of PCSK9 and SEC24A, SEC24B, and SEC24C in PCSK9 maturation and
secretion.

In chapter 4, I identified the amino acid residues in the ligand-binding repeat domain
(LRs) of LDLR important for PCSK9 binding at the cell surface. We have previously shown
that, in addition to the epidermal growth factor precursor homology repeat-A (EGF-A) of
LDLR, at least three ligand-binding repeats of LDLR are required for PCSK9-promoted
LDLR degradation. However, how exactly the LRs contribute to PCSK9’s action on the
receptor is not completely understood. Here, I found that substitution of Asp at position 172 in
the linker between the LR4 and the LR5 of LDLR with Asn (D172N) reduced PCSK9 binding
at pH 7.4 (mimic cell surface) but not at pH 6.0 (mimic endosomal environment). On the other
hand, mutation of Asp at position 203 in the LRS5 of LDLR to Asn (D203N) significantly
reduced PCSK9 binding at both pH 7.4 and pH 6.0. These findings indicate that amino acid
residues in the LRs of LDLR play an important role in PCSK9 binding to the receptor.

In chapter 5, I used the yeast-two hybrid system to identify the association of the CTD
of PCSK9 with prosaposin (PSAP), a secretory and lysosomal protein participating in
glycosphingolipid degradation. In this study, I demonstrated that knockdown (KD) of PSAP in

cultured hepatoma-derived cells led to significantly elevated cell surface LDLR abundance

il



and LDL uptake. Further, knockdown of hepatic PSAP by AAV-shRNA increased LDLR
levels in the liver and decreased plasma LDL-C levels in the wild-type mice but not the Ldlr”
mice. Mechanistic studies showed that the effect of PSAP on LDLR was independent of
PCSK9. On the other hand, data obtained from confocal microscopy and co-
immunoprecipitation revealed a direct interaction between PSAP and LDLR. Further studies
are ongoing to address the relevance and cellular mechanism by which PSAP induces LDLR
degradation.

In summary, the work performed during this Ph.D. thesis will shed light on the
molecular mechanism of PCSKO9-promoted LDLR degradation. Yet, continued research

promises to provide further progress in the development of PCSK9 inhibitors.
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Chapter 1
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Chapter 1. Introduction

Abstract

Atherosclerotic CVD is the leading cause of mortality and morbidity worldwide. Long-
term elevated LDL-C levels in the blood is a major risk factor for the development of
atherosclerotic lesions, which can eventually lead to myocardial infarction and many strokes,
as well as disabling peripheral artery disease. Lowering LDL-C levels remains the cornerstone
of the management of CVD. LDLR in the liver is mainly responsible for the removal of LDL-
C from the blood. PCSK9 regulates cholesterol metabolism by promoting LDLR degradation.
An array of pharmaceutical companies have created therapeutic agents to inhibit PCSK9 and
block its interaction with LDLR, including PCSK9 monoclonal antibodies and small
interfering RNAs. These PCSK9 inhibitors, in combination with the existing cholesterol-
lowering drugs statins, have been shown to significantly reduce circulating LDL-C levels and
the risk of CVD in a wide variety of subjects. PCSK9 is now common parlance among
scientists and clinicians interested in the prevention and treatment of atherosclerotic CVD.
What makes PCSK9 so special is not only the fact that it uncovers previously unknown
biology but also that these important scientific insights have been translated into an effective
medical therapy in record short time that was first discovered in 2003 and approved for
clinical application in 2015. However, the PCSK9 saga is far from complete. This introduction
will give an overview of the cellular and molecular biology of PCSK9, as well as its

application in the treatment of CVD.

1.1 Atherosclerotic cardiovascular disease
Atherosclerosis is the formation of fibrofatty plaques in the artery wall. Progressive

accumulation of atherosclerotic plaque leads to severe problems, including heart attack, stroke



or even death (1). The development of these complex, unstable fibrofatty lesions originates
from long-term elevated levels of LDL-C in the blood. Numerous studies have well
established a positive correlation between LDL-C and atherosclerosis. Thus, lowering LDL-C
is the primary target of therapies for the prevention and treatment of CVD (2).

Atherosclerotic plaque formation starts with LDL transcytosis from the blood into the
endothelial space of the vessel wall, where LDL is oxidized by reactive oxygen species (Fig
1.1). Upon exposed to pro-inflammatory conditions and endothelial damage, circulating
monocytes bind to the endothelial surface and then migrate across the endothelium into the
artery wall, where they differentiate into macrophages. The macrophages express scavenger
receptors which take up oxidized LDL, leading to the formation of macrophage foam cells.
Foam cells secrete pro-inflammatory cytokines, including tumor necrosis factor-o and
interleukin-1, which further results in the recruitment of more monocytes into the artery wall
(3). Apoptotic foam cells, cholesterol crystals and monocytes accumulate and form the
necrotic core of the plaques. To stabilize the plaque surface, intimal smooth muscle cells
proliferate and synthesize collagen. The plaque is eventually ruptured due to the continued
presence of the necrotic core, secretion of collagen proteases from macrophages and
mechanical shear stress from the bloodstream (4). Subsequently, a thrombus is produced by
the interaction between lipids, platelets, coagulation factors and red blood cells that are
released from the ruptured plaque, which narrows the artery lumen, resulting in a myocardial
infarction or stroke (4,5). Therefore, the uptake and removal of circulating LDL are paramount

to reducing atherosclerotic plaque formation and CVD events.
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Figure 1.1 Initiation of atherosclerosis.

This figure is modified from Libby et al. (6).

1.2 Low-density lipoprotein

The development of atherosclerotic plaque requires long-term elevated plasma LDL-C.
Cholesterol in the blood is transported as a component of large macromolecular lipoproteins.
These are spherical particles consisting of a core of cholesterol esters (CE) and triacylglycerol
(TG), which are surrounded by a monolayer of phospholipids, un-esterified cholesterol and
apolipoproteins (7). There are five major classes of lipoproteins in human plasma:
chylomicron/remnant (CM), very low-density lipoprotein (VLDL), intermediate-density
lipoprotein (IDL), LDL and high-density lipoprotein (HDL). A subspecies of LDL is
lipoprotein (a) (Lp(a)), which consists of an LDL particle linked by a disulfide bond to an
apo(a) protein through apolipoprotein B100 (apoB100) (8). The density of lipoproteins is
determined by the amount of lipid relative to protein, with LDL being the second-most dense
lipoprotein class, and CM being the largest and least dense of all lipoproteins (9). ApoB100 is
the major structural protein of LDL and VLDL and apoB48 is a unique protein in CM from
the small intestine, whereas apoA-I is the most abundant apolipoprotein associated with HDL

(10). ApoE is present at varying concentrations in CM, VLDL, IDL, and HDL (11).



LDL is a spherical particle with a diameter of about 22 nm and a molecular mass of
3000 kDa (12). Each particle contains approximately 1500 molecules of CE in an oily core
that is shielded from the aqueous plasma by a hydrophilic coat composed of 800 molecules of
phospholipid, 500 molecules of unesterified free cholesterol, and one apoB100 molecule of
500 kDa protein (13). LDL is derived from VLDL, which is assembled in the liver and
secreted into plasma. VLDL acquires apoE from circulating HDL. Moreover, lipoprotein
lipase hydrolyzes TG in the VLDL to produce IDL and LDL (14,15). LDL is removed from

the blood predominantly by the LDLR in the liver.
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Figure 1.2 Structure of LDL and cholesterol. This figure is adapted from Goldstein

and Brown (13).

1.3 LDL Receptor

LDLR in the liver plays a critical role in regulating the levels of LDL-C in the blood.
The amount of LDLR on the surface of liver cells determines how efficiently LDL-C is
removed from the bloodstream. The transmembrane protein LDLR captures LDL by binding
to apoB100 through its ligand-binding repeat domain (LR), after which the LDL/LDLR
complex is endocytosed in clathrin-coated pits with the assistance of an adaptor protein

(LDLRAP/ARH) (16). After entering the cell, the LDL/LDLR complex is transported to the



endosomes. In the low pH environment of the endosomes, LDLR undergoes a conformational
change so that LR4 and LR5 form a physical interaction with the YWTD repeats, promoting
the release of bound LDL for delivery to the lysosome for degradation (Fig 1.3) (17). LDLR is
routed back to the plasma membrane for binding and internalizing additional LDL particles.
The LDLR can be recycled in this way up to 150 times before it is eventually degraded in the
lysosome (18,19) (Fig 1.3). Defective function of the LDLR causes an inherited form of high
cholesterol called familial hypercholesterolemia (FH). More than 1000 mutations in the LDLR

gene have been identified in humans.

S
_ \ Lysosome
L Nucleus

Figure 1.3 LDL uptake and LDLR recycling. (1) LDLR is synthesized in the ER. (2)
LDLR is transported to the Golgi, where post-translational modifications, such as
glycosylation, occur. (3) Mature LDLR is retained in the plasma membrane via its
transmembrane domain (TMD). (4) LDLR-mediated endocytosis takes place. (5) LDLR

recycles to the cell surface. (6) LDL is degraded in the lysosome.



1.3.1 LDLR synthesis and structure

LDLR is synthesized as a 120 kDa precursor in the endoplasmic reticulum (ER), where
it binds to a chaperone receptor-associated protein (RAP), facilitating its transport to the
Golgi. In the Golgi, LDLR dissociates from RAP and acquires carbohydrate residues that
increase its molecular mass to 160 kDa. The mature LDLR is then transported along the
secretory pathway from the Golgi to the cell surface (20).

Structurally, LDLR consists of seven LRs at its N-terminal domain, followed by the
epidermal growth factor (EGF) precursor homology domain and the YWTD repeat (six-
stranded-propeller structure) (Fig 1.4). The EGF homology domain consists of three epidermal
growth factor repeats: EGF-A, EGF-B, EGF-C. The EGF-C repeat is separated from the EGF-
B by a beta-propeller domain (21). Next in the LDLR amino acid sequence is the clustered O-

linked sugar region, followed by the transmembrane domain and a cytoplasmic tail (22).
membrane
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Figure 1.4 Structural domains of LDLR. This figure is adapted from Zhang et al.

(23).

1.3.2 LDLR gene expression

The transcription of the LDLR gene is mainly regulated by intracellular cholesterol
levels via the sterol regulatory element-binding protein 2 (SREBP2), the master transcriptional
factor for cholesterol homeostasis. Intracellular cholesterol levels are delicately balanced
between cholesterol uptake and cholesterol synthesis through a complex feedback mechanism

that is governed by SREBP2. SREBP2 regulates the expression of genes controlling



cholesterol biosynthesis through HMG-CoA reductase (HMGCR) as well as cholesterol uptake
through the LDLR (24).To date, there are three SREBPs identified in mammals, including
SREBPla, SREBP1c and SREBP2. SREBP1a regulates the expression of genes involved in
both lipogenesis and cholesterol metabolism, while SREBPIc is linked primarily with fatty
acid metabolism (25). SREBP2 regulates the expression of genes governing cholesterol
biosynthesis and cholesterol uptake (24).

The structure of all the SREBPs is similar: An N-terminal domain that is exposed on
the cytosolic space of the ER membrane bilayer and two hydrophobic transmembrane domains
that pass through the ER membrane. Their transmembrane domains associate with the SREBP
cleavage activating protein (SCAP), which, in turn, is bound to another transmembrane
protein, insulin-induced gene 1 (INSIG-1) (26). SREBP2 processing is tightly regulated by
cholesterol levels in the ER. When cholesterol levels in the ER become higher than 5% of total
lipids, SCAP remains tightly bound to SREBP2 and INSIG-1 (27). However, when ER
cholesterol decreases below the 5% threshold, INSIG-1 dissociates from SREBP2 and SCAP.
The SREBP2/SCAP complex is translocated to the Golgi, where SREBP2 is cleaved into the
individual components by the subtilisin kexin isoenzyme 1/site 1 protease (SKI-1/S1P) (28). A
site 2 protease (S2P) then cleaves the first transmembrane domain of SREBP2, liberating its
N-terminal domain (nSREBP2). The nSREBP2 is translocated to the nucleus, where it binds to
the promoter region of target genes that contain a sterol regulatory element (SRE) sequence
(29,30). This series of events increases the transcription and expression of 35 genes involved

in cholesterol metabolism, including HMGCR, LDLR and PCSK9 (31).



1.4 Statins

Statins, which were introduced in 1987, are the most prescribed drugs for the treatment
of hypercholesterolemia worldwide (13). Statins inhibit HMGCR, the rate-limiting enzyme in
the cholesterol biosynthesis pathway in the ER. Subsequently, this reduction of cholesterol
levels inside the cell activates the processing of SREBP2, thereby increasing the transcription
of LDLR, and thus decreasing plasma LDL-C. The efficacy and safety of statin therapy have
been revealed by meta-analyses of 26 randomized clinical trials, indicating that each 1 mmol/l
reduction in plasma LDL-C results in a 20% reduction of CVD risk and decreases mortality by
10% (32). Despite their intensive cholesterol-lowering effect, it has been noted that more than
10% of patients are ‘statin-intolerant.” The most common side-effects include myalgia and
other musculoskeletal complaints (33). Furthermore, growing evidence suggests that inhibition
of HMGCR by statins might increase the risk of new-onset type 2 diabetes in patients with
established risk factors (34,35). These unexpected outcomes have prompted researchers to

develop alternative therapy for lowering LDL-C.

1.5 The discovery of PCSK9

PCSK9 was first discovered in 2003, later resulting in a major change in cholesterol-
lowering therapy and the treatment of CVD (36). PCSK9 is the ninth member of the
proprotein convertase family that cleaves and activates mammalian secretory proteins. The
nine members include PC1/3, furin, PC4, PC5/6, PACE4, PC7 and SKI-1/S1P, which are
involved in the catalysis and maturation of pro-hormones, proteolytic enzymes, growth factors
and receptors (37). The PCSK9 gene was first cloned by Seidah et al. in 2002 (38). In 2003,
Abifadel et al. identified two mutations in the PCSK9 gene in two French families with a

history of FH. These mutations resulted in single amino acid substitutions, S127R and F216L,



in the protein sequence of PCSK9 (36). This study was followed by three independent reports
from Norway, the United States and the United Kingdom of people with a D373Y mutation in
PCSK9 causing FH (39-41). Mutations in the PCSK9 gene that cause autosomal dominant
hypercholesterolemia, makes it the third genetic cause of FH besides LDLR and apoB100

(42).

1.6 PCSK9 gain-of-function and loss-of-function mutations

PCSKD9 is mainly expressed in the liver, kidney and small intestine. A recent study
suggests that PCSK9 is also expressed in human visceral adipose tissue (43). Circulating
PCSKO interferes with, and blocks the recycling of, hepatic LDLR, resulting in the reduction
of LDL-C clearance from the blood (44). Humans carrying loss-of-function (LOF) mutations
in the PCSK9 gene present with low LDL-C levels in the plasma and decreased CVD risk,
whereas gain-of-function (GOF) mutations in the PCSK9 genes are associated with high LDL-
C levels and increased risk for CVD (45). Many GOF mutations in the PCSK9 gene have been
reported to occur in patients with FH. For example, the F216R, S217R, D374Y and R496W
mutations increase the binding affinity between PCSK9 and LDLR, enhance LDLR
degradation and increase circulating LDL-C levels (46-50). The most severe GOF mutation
known to date, D374Y, results in a 10- to 25-fold higher binding affinity to the LDLR than the
wild-type (WT) PCSK9 (46).

The first LOF mutation in the PCSK9 gene was reported in a cohort of African-
American subjects. In 2006, Cohen et al. reported that the nonsense PCSK9 mutations, Y 142X
and C679X, lower LDL-C levels, and reduce 88% of the incidence of CVD over a period of
15 years. After this finding, a number of mutations in PCSK9 have been reported to cause its

loss-of-function, leading to reducing PCSKO9 synthesis, secretion or function. For example, the
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Y 142X mutation results in no detectable PCSK9 protein due to introduction of a premature
stop codon (51). In the C679X mutation, PCSK9 is misfolded, which impairs its exit from the
ER. The Q152H mutation prevents the autocatalytic processing of the PCSK9 precursor,
resulting in a dominant negative form of the protein that reduces the circulating levels of
PCSK9 and LDL-C by 80% (52). In addition, the R46L, L253F, G106R and Q554E mutations
also either reduce PCSKO9 secretion or decrease its affinity for LDLR (53).

Homozygous LOF mutations have been described in two females with complete
PCSKO9 deficiency. One of them is a 53-year-old participant in the Dallas Heart Study and is a
compound heterozygote for the Y142X and C679X mutations in the PCSK9 gene. The other
subject, from Zimbabwe, is homozygous for the C679X mutation (54). Neither of these
individuals have immunodetectable circulating PCSK9, and both also have very low
circulating LDL-C levels (<0.8 mmol/L). Long-term studies have revealed that both subjects
are otherwise healthy and fertile. The low circulating LDL-C levels in people with PCSK9
LOF mutations appear to reduce the incidence of CVD without apparent negative impacts on

health (55).
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PCSK9 knockout (PCSK9-KO) in animals also appears to be safe and protect against
atherosclerosis. Compared to the WT mice, PCSK9-KO mice have 2.8-fold higher hepatic
LDLR expression and 42-48% lower plasma levels of total cholesterol and apoB (56,57). In
atherosclerosis-prone apoE-deficient mice, there is a 39% reduction in atherosclerotic plaque

formation in PCSK9-KO mice compared with control mice (58). In the same study, LDLR
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knockout (LDLR-KO) mice expressing high, normal or low levels of PCSK9 are not
significantly difference in plasma cholesterol levels, suggesting that PCSK9 regulates LDL-C
exclusively via the LDLR (58). Taken together, these findings, in conjunction with the human
LOF studies, suggest that a pharmacological compound inhibiting PCSK9 might be a safe and
effective therapeutic option to lower LDL-C levels and protect against CVD in

hypercholesterolemia patients.

1.7 Transcriptional regulation of PCSK9

1.7.1 SREBP2

The human PCSK9 gene is located on chromosome 1. The transcription of PCSK9Y
mRNA is mainly regulated by SREBP2 (59). The proximal promoter of the PCSK9 gene
contains a functional SRE, which is required for SREBP2 to initiate PCSK9 transcription.
Statins stimulate the expression of PCSK9 mRNA by increasing SREBP2 processing, which
attenuates their effect on lowering LDL-C (60). Plasma PCSK9 levels can increase by 14-
47%, depending on the types and doses of statins (61). For example, rosuvastatin treatment of
patients in the JUPITER trial has shown a significant relationship between increased
circulating PCSK9 levels and the magnitude of LDL-C reduction (62). These data explain why
only some hypercholesterolemic subjects can achieve optimal LDL-C levels with a maximum
amount of the statin being accompanied by only a 6% decrease in LDL-C levels in some cases
(63,64). Moreover, the upregulation of PCSK9 expression by statins attenuates some of their
effects on increased LDLR expression. Consequently, this effect of statins on PCSK9
expression has turned attention to the development of novel strategies to inhibit PCSK9 for

further decreasing circulating LDL-C levels in statin-treated subjects.
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1.7.2 HNF1la and E2F1

Hepatocyte nuclear factor 1 alpha (HNF1a) also plays a critical role in the transcription
of the PCSK9 gene since the gene contains an HNF1a binding motif in the proximal region of
its promoter (65). The plant-derived cholesterol-lowering compound berberine and activation
of mechanistic target of rapamycin complex 1 (mTORC1), have been shown to downregulate
HNFla levels and PCSK9 expression (66). Furthermore, E2F1, a transcription factor
controlling the cell cycle, binds to and transactivates the PCSKY9 promoter and mRNA
transcription. Thus, E2F1 deficiency in cellular and mouse models leads to a marked decrease
in PCSK9 expression and an increase in LDLR levels (67).

In addition to these transcription factors, a number of other regulators affect PCSK9
mRNA content in vitro. For example, thyroid-stimulating hormone (TSH) recombinant protein
increases PCSKY9 mRNA levels in human hepatoma-derived HepG2 cells. Moreover,
circulating TSH levels in subclinical hypothyroid patients have been shown to correlate with
plasma PCSK9 levels (68). Berberrubine, an analog of berberine, has also been proposed to
exert a potent inhibitory effect on PCSK9 via the extracellular signal-regulated kinase (ERK)
pathway, which results in higher LDLR levels in cellular models (69). Moreover, recent work
has suggested that miR-191, miR-222 and miR-224 directly interact with the 3’-untranslated
region (3’-UTR) of PCSK9 mRNA and regulate PCSK9 translation; however, the significance

of these findings remains to be investigated (70) (Fig 1.5).
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Figure 1.5 Regulation of PCSK9. (1) PCSK9 mRNA is transcriptionally regulated by
SREBP2 and HNFla. (2) PCSKO9 is synthesized as a zymogen in the ER and undergoes
autocatalytic cleavage between the prodomain and the catalytic domain. The cleaved
prodomain is tightly associated with the catalytic domain. (3) PCSK9 is transported to the
Golgi, where post-translational modifications, such as glycosylation, occur. Mature PCSK9 is
secreted to the extracellular space. (4) The catalytic domain and prodomain of PCSK9 bind to
the EGF-A and YWTD repeats of the LDLR, respectively. The PCSK9/LDLR complex enter
the cell via clathrin-coated pits and is delivered to the endosomes. (5) PCSK9 strongly binds to
the LDLR and blocks the recycling of LDLR to the cell surface. The PCSK9/LDLR complex

is transported to the lysosome for degradation.
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1.8 Post-translational regulation of PCSK9

A number of recent studies have described post-transcriptional mechanisms of
regulating PCSK9 activity. Previous work has shown that intracellular cell signaling
stimulates the PCSK9 lysosomal degradation (71-73). For example, silencing of hepatic
glucagon receptor or inhibition of the glucagon action results in increased plasma levels of
PCSK9 and LDL-C, whereas glucagon treatment of the wild-type mice has the opposite effect.
Mechanistically, they showed that Ras-related protein 1 (RAP1) enhances lysosomal
degradation of PCSK9 without any effect on PCSK9 mRNA levels. However, the underlying
mechanism has not been fully uncovered. In addition, PCSK9 is cleaved by furin in the
extracellular space. The furin-cleaved shorter fragment of PCSK9 has reduced LDLR-binding
capacity and is unable to promote LDLR degradation in the lysosome (74) (75).

On the other hand, diet and nutritional status affect PCSK9 expression. It has been
reported that fasting decreases PCSK9 expression while re-feeding restores PCSK9 levels.
During fasting, mice, rats, hamsters and humans have 58%-70% lower circulating PCSK9
levels (76). Insulin also influences hepatic PCSK9 gene expression. For instance, in vitro
experiments in mouse and rat hepatocyte and in vivo studies in rats have shown that insulin
upregulates Pcsk9 expression via Srebplc (66,77). Circulating PCSK9 levels are also
significantly correlated with insulin levels in subjects without diabetes (78,79). However,
following an insulin infusion, plasma PCSK9 levels do not increase in subjects without
diabetes or in subjects with type 2 diabetes (80). The role of insulin in regulating PCSK9

expression remains to be investigated further.
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1.9 PCSKO9 synthesis, processing and secretion

1.9.1 PCSKY9 synthesis and maturation

The PCSK9 gene consists of 12 exons located on chromosome 1p32 and is
approximately 22 kb long (60). In the ER, PCSK9 is synthesized as a 692-amino-acid (74
kDa) zymogen. Structurally, it is composed of a signal peptide (SP) (aa 1-30), a prodomain
(PRO) (aa 31-152), a catalytic domain (CAT) (aa 153-454) and C-terminal cysteine-histidine-
rich domain (CTD) (aa 455-692) (81). In the ER lumen, PCSK9 undergoes autocatalytic
cleavage that leads to PCSK9 maturation and activation. The signal peptide is first removed
from the N-terminus of the precursor of PCSK9. Autocatalytic processing of the 14 kDa
prodomain occurs at the site SVFAQ!5?SIP (82). Unlike other members of the proprotein
convertase family, PCSK9 is unique in that the auto-cleaved prodomain remains associated
with the 60 kDa mature form via hydrophobic and electrostatic interactions, which results in
its trafficking to the Golgi as an inactive dimer complex (83). The self-cleavage of PCSK9 is
critical for its function, and agents or conditions that disrupt the ER function have been
reported to affect PCSK9 maturation and secretion. For example, Tunicamycin, an ER stress-
causing agent, retains PCSK9 in the ER (84). Of note, recent work has shown that some LOF

PCSK9 mutants accumulate in the ER without activating the ER stress response (85).

1.9.2 Transport of PCSK9 to the Golgi

Like many other secretory proteins, COPII is essential for PCSK9’s exit from the ER
and trafficking to the Golgi apparatus. The incorporation of PCSK9 into the membrane-bound
vesicles is the critical step (86). The formation of COPII is driven by the SAR1 GTPase,
heterodimers of SEC23/24, and heterodimers of SECI13/SEC31. Protein cargoes are

incorporated into COPII vesicles by two mechanisms: receptor-mediated cargo capture or
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‘bulk flow.” In the bulk flow model, cargoes enter COPII through passive diffusion, while the
cargo capture model is a receptor-mediated, active sorting of selected cargoes. It remains
unclear to what extent PCSK9 recruitment into the COPII is driven by selective cargo versus
passive bulk flow (87).

The sorting process of secreted PCSK9 into COPII-coated vesicles is reported to be
driven primarily by SEC24 isoforms. A recent study has shown that SEC24A, a COPII adaptor
protein, incorporates PCSK9 into transport vesicles for export from the ER to the Golgi (Fig
1.6). SEC24A-KO mice have lower plasma levels of cholesterol and PCSK9 than the WT
mice (88). This finding reveals an active receptor-mediated mechanism for PCSK9
recruitment into COPII vesicles. However, SEC24A localizes in the cytoplasmic side of the
ER membrane, and PCSK9 is on the luminal side; therefore, a direct physical interaction
between SEC24A and PCSKO is implausible since neither protein possesses a transmembrane
domain. A recent study demonstrated that surfeit locus protein 4 (Surf4), an ER cargo
receptor, interacts with PCSK9 in HEK293 cells and promotes the efficient ER exit of PCSK9
(89). The knockdown of Surf4 causes accumulation of PCSK9 in the ER and impairs PCSK9
secretion. However, we found that Surf4 regulates PCSK9 expression but is not required for
endogenous PCSKKO9 secretion from cultured human hepatocytes (90). The molecular

mechanism of PCSK9 exit from ER remains unclear.
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Figure 1.6 PCSKO9 transport from the ER to the Golgi. (1) PCSK9 (shown in red) is
synthesized in the lumen of ER, where it undergoes autocatalytic cleavage. The prodomain
remains attached to PCSK9 when it is exported from the ER to the Golgi. (2) PCSK9 might be
captured by a putative transmembrane receptor (shown in blue), which could present PCSK9
to a cytosolic SEC23/SEC24A complex. This selection is likely mediated by specific
interactions between the sorting signal in the cytosolic domain of the receptor and binding
sites in SEC24A. (3) PCSKO is then incorporated into COPII-coated vesicles for transport to
the Golgi and subsequent secretion. The Sarl enzyme initiates the formation of the COPII by
binding to the ER membrane (thick black line). This figure is modified from Debose-Boyd and

Horton (91).

1.9.3 PCSKD9 secretion from Golgi

In the trans-Golgi apparatus, sortilin, a sorting receptor, has been reported to be
involved in the intracellular transport of PCSK9 (92). Gustafsen et al. have demonstrated by
immunofluorescence confocal microscopy that sortilin and PCSK9 co-localize in the trans-

Golgi network in HepG2 cells. Knockdown of sortilin reduces PCSK9 secretion and increases

19



its subcellular localization in the ER, while overexpression of sortilin in mice increases
circulating PCSKO9 levels. The levels of metalloproteinase-cleaved ectodomain of sortilin have
been shown to correlate with circulating PCSK9 levels in human plasma (92,93). Conversely,
studies from Butkinaree et al. showed that knockdown of sortilin in cultured cells, or knockout
of sortilin in mice, had no detectable effect on PCSK9 secretion (94). Together, these findings

reveal the complexity and heterogeneity of PCSK9 secretion in different types of cells.

1.10 The molecular mechanism of PCSK9-promoted LDLR degradation

1.10.1 PCSK9 binds to LDLR

Plasma PCSK9 binds to, and promotes, LDLR degradation in hepatocytes. PCSK9-
promoted LDLR degradation is initiated when the catalytic domain (CAT) of PCSK9 binds to
the EGF-A domain of the LDLR, followed by the pro-domain (PRO) of PCSK9 binding to
YWTD repeat of the LDLR at the cell surface (95-97). This binding occurs in a calcium-
dependent manner (98). Recently, we demonstrated that Asp residues in the LR domain of the
LDLR also contribute to the binding of PCSK9 to the receptor (99). It is noteworthy that
PCSKO9 binding to the LDLR has tissue specificity, with liver being the most responsive tissue
to this regulation, suggesting the requirement of a coreceptor specific for liver. Gustafsen et al.
revealed that heparin sulfate proteoglycans, highly present on the surface of the hepatocytes,
capture PCSK9, and that this binding is required for PCSK9/LDLR complex formation and
LDLR degradation (100). Moreover, heparan-sulfate mimetics, such as dextran sulfate and
pentosane sulfate, bind to PCSK9 and inhibit PCSK9-mediated LDLR degradation. Heparin-
like molecules can also interact with LDL and play an important role in LDL-induced

inhibition of PCSK9 uptake into the cells (101).
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1.10.2 PCSK9/LDLR endocytosis

After the initial cell surface binding stage, the PCSK9/LDLR complex enters the cells
via clathrin-dependent endocytosis and is delivered to the endosomes. Evidence for these
events comes from the siRNA knockdown of the clathrin heavy chain, which reduces the
internalization and functional activity of PCSK9 (71,102). A very recent study proposed a
novel notion that LDLR degradation is mediated by caveolin instead of clathrin. Jang et al.
reported that cyclase-associated protein 1 (CAP1), a component of the saccharomyces
cerevisiae adenylyl cyclase complex, binds to the CTD of PCSK9 and acts as a liaison
between the PCSK9/LDLR complex and caveolin, which directs the complex to caveolae-
mediated endocytosis and lysosomal degradation (103). In the low pH environment of the
endosomes, the PCSK9/LDLR complex undergoes a conformational change that increases the
affinity of PCSK9 for LDLR (96,104). This event prevents dissociation of the LDLR/PCSK9
complex, inhibits LDLR from adopting a closed conformation, as it normally does at pH 5.5,
and precludes LDLR from being recycled to the cell surface. Consequently, the PCSK9/LDLR

complex is transported to the lysosome for degradation (105-107).

1.10.3 Lysosomal degradation

The cell surface endocytosis of the PCSK9/LDLR complex initiates a dominant
degradation pathway that prevents the typical recycling of LDLR. Previous studies have
demonstrated that the CAT domain of PCSKO9 interacts with the EGF-A domain of the LDLR
on the cell surface (96,97). However, the CTD domain of PCSK9 does not directly interact
with LDLR, but it is required for LDLR degradation (97,104,108). The specific role of CTD in
PCSK9-promoted LDLR degradation remains obscure. Piper et al. reported that the CTD of

PCSKO9 has a novel protein fold and may contain protein-protein interaction motifs (83,109).
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Furthermore, natural mutations that occur within the CTD result in either gain-of-function
(H553R) or loss-of-function mutations (Q554E), affecting its potency in mediating LDLR
degradation (110). Incubation of purified mutant PCSK9 lacking the CTD (PCSK9ACTD) in
cultured hepatocytes shows no detectable reduction of cell surface LDLR levels, even at a
high concentration of 5 ug/ml, which is 10 times higher than the physiological concentration
(97,108). Interestingly, PCSK9ACTD can bind to LDLR at the cell surface and participate in
endocytosis of the complex to the endosomes (104,108,111,112). Therefore, the inability of
PCSK9ACTD to enhance LDLR degradation is not due to its lack of LDLR binding or its
internalization with LDLR, suggesting that the CTD carry structural requirements to achieve
the critical later steps of LDLR sorting and degradation within endosomes/lysosomes. Most
recently, Poirier et al. demonstrated that reconstitution of PCSK9ACTD with a foreign
lysosomal targeting motif rescues its intracellular lysosomal targeting and induces LDLR
degradation, emphasizing a role for the CTD in sorting of the PCSK9-LDLR complex towards
the late endocytic compartments (111). Since both LDLR and PCSK9 lack a lysosomal
targeting motif, it is possible that the CTD of PCSK9 recruits other partner(s) to the
PCSK9/LDLR complex that can direct LDLR to the lysosome or block binding of the

cofactor(s) required for LDLR recycling from endosomes to the cell surface.

1.10.4 The intracellular degradation pathway

While PCSK9 is mainly a secreted factor that binds extracellularly to the LDLR, it has
also been suggested that PCSK9 might target the LDLR to the lysosome within the cell.
Within the secretory pathway, PCSK9 can interact with LDLR and be transported to the
lysosome for degradation, which is prevented by the binding of PCSK9 to glucose-regulated

protein 94 (GRP94) in the ER (113). In the trans-Golgi network, blocking the trafficking of
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PCSK9/LDLR complex by knockdown of clathrin heavy chains results in the LDLR being

directed toward the lysosomal degradation (102,114).

1.11 PCSKD inhibition as a therapy for lowering LDL-C

Due to the efficient and rapid translation from basic science to clinical practice,
PCSK9 has become one of the most interesting drug targets in the last 15 years. Alirocumab
and evolocumab are two fully human monoclonal antibodies raised against PCSK9 that have
been approved by the US Food and Drug Administration for use in patients with FH and
clinical atherosclerotic CVD (115). Two independent trials have demonstrated positive
cardiovascular outcomes. Patients treated with alirocumab, combined with statins, have a 60%
lowering of LDL-C and are protected against cardiac ischemic events (116). Moreover,
inhibition of PCSK9 with evolocumab achieves additional lowering of LDL-C levels in
patients with homozygous and heterozygous FH who respond poorly to high-dose statins
(117). These data suggest that PCSK9 inhibition improves cardiovascular health and life
expectancy of these patients. Current data also indicate that both alirocumab and evolocumab
are well tolerated and do not result in increased risk for adverse events, such as an increase in
new-onset type 2 diabetes, liver toxicity or impairment in cognitive function. Moreover,
extremely low LDL-C concentrations (less than 20 mg/dl) with PCSK9 inhibition has been
shown to have no side effects (118).

Anti-PCSK9 antibody treatment needs monthly subcutaneous injections, which has
limited its wide-spread use. Currently, alternative approaches are under development to target
PCSK9. Small interfering RNAs directly against hepatic PCSK9 mRNA have shown
significant reductions in LDL-C (119). This inhibition strategy is more durable and improves

adherence without severe adverse outcomes (120). However, long-term follow-up on the
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effectiveness and safety of this approach is needed. On the other hand, several approaches
such as development of PCSK9 vaccine or CRISPR-Cas9 gene editing are ongoing to reduce
PCSK9 levels (121,122). Despite these beneficial effects of PCSK9 inhibition, more
mechanistic data are needed, which could potentially provide the proof of concept that future

treatments with small molecule inhibitors of PCSK9 are feasible.

1.12 Study hypothesis and research objectives

1.12.1 Rationale and hypothesis

The important role for PCSK9 in cholesterol metabolism has been described above. 1
also emphasized the significance of the recently approved PCSK9 inhibitors for reducing
hypercholesterolemia and the risk of CVD. It is clear that PCSK9 inhibitors are very
promising therapeutic targets and have many beneficial effects besides LDL-C management.
Nevertheless, more mechanistic data are needed for further understanding the biology of
PCSK®9, which could potentially be harnessed for therapeutic intervention and guide the use of
anti-PCSK9 therapies.

This thesis investigates the molecular biology of PCSK9 with a focus on the role of the
PCSK9 C-terminus. Previous studies have demonstrated the essential role of the CTD in
PCSK9 physiology. First, the CTD has been implicated in PCSK9 secretion since LOF
mutations such as E498K and S462P located in the C-terminus of PCSK9 impair its secretion
(52,123,124). Removal of part of the C-terminus impairs PCSK9 secretion (108,125).
However, how exactly the CTD contributes to PCSK9 secretion is not completely understood.

Second, the CTD does not directly interact with the LDLR, but is required for LDLR
degradation (97,104,108). The CTD of PCSK9 has a novel protein fold and might also

mediate protein-protein interactions (83,109). Moreover, natural mutations that occur within
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this domain (H553R, Q554E) affect PCSK9’s potency in mediating LDLR degradation (110).
Incubation of purified mutant PCSK9 lacking the CTD (PCSK9ACTD) shows no detectable
reduction of cell surface LDLR levels (97,108), whereas reconstitution of PCSK9ACTD with a
foreign lysosomal targeting motif rescues its intracellular lysosomal targeting and induces
LDLR degradation, emphasizing a role for the CTD in sorting of the PCSK9/LDLR complex
towards the late endocytic compartments (111). These data suggest that the CTD carries
structural requirements to achieve the critical later steps of LDLR sorting and degradation
within endosomes/lysosomes. Since both the LDLR and PCSK9 lack a lysosomal targeting
motif, it is possible that the CTD of PCSK9 recruits other partner(s) to the PCSK9/LDLR
complex that can direct LDLR to the lysosome or block binding of the cofactor(s) that is/are
required for LDLR recycling from endosomes to the cell surface.

My overall hypothesis is that the CTD of PCSK9 plays a critical role in the secretion
of PCSK9 and in the lysosomal degradation of LDLR induced by PCSK9 through recruiting

cofactors.

1.12.2 Research objectives

To test my hypothesis, I developed the following research aims as shown in Figure 1.7:

1. To characterize the role of PCSK9 C-terminus and the COPII adaptor protein SEC24
isoforms in PCSK9 secretion,;

2. To identify the amino acid residues in the ligand-binding repeat domain of the
LDLR important for PCSK9 C-terminus binding at the cell surface;

3. To investigate the role of unknown PCSK9 C-terminus-binding partner(s) in the

regulation of LDLR and cholesterol metabolism in vitro and in vivo.
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Figure 1.7 Study hypothesis and research objectives.

This dissertation aims to address the above three important questions about PCSK9 and
LDLR. In Chapter 3, the structural requirements of CTD for PCSK9 secretion and adaptor
proteins for its ER exit are investigated. The amino acid residues in the ligand-binding repeat
domain of LDLR important for PCSK9 binding at the cell surface are characterized in Chapter
4. In Chapter 5, an unknown cofactor, prosaposin, is identified to play an important role in
regulating LDLR and cholesterol in vitro and in vivo. In these chapters, mouse models as well
as cultured cells, are used to investigate the potential relevance of such findings. The data
provided not only shed important light on the role and regulation of PCSK9 in LDLR but also

reveal novel mechanisms involved in the control of cholesterol metabolic homeostasis.
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Chapter 2

Materials and Methods
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2.1 Materials

DMEM, penicillin-streptomycin, trypsin-EDTA solution, Dil-labeled human LDL, and
unlabeled human LDL were obtained from ThermoFisher Scientific. Complete EDTA-free
protease inhibitors and X-tremeGENE HP DNA transfection reagent were purchased from
Millipore Sigma. Peptide N-glycosidase F (PNGase F) was obtained from New England
Biolabs (Beverly, MA). Lipofectamine RNAiMax, Lipofectamine™ 3000 were obtained from
Invitrogen. Culture medium and antibiotics were purchased from Thermo Scientific. Bovine
serum albumin (BSA), complete EDTA-free protease inhibitors and fetal bovine serum (FBS)
were purchased from Sigma. IRDye Secondary Antibodies (IRDye 800CW Goat anti-Rabbit
IgG and IRDye 680 Goat anti-Mouse IgG) were purchased from Licor Biosciences.
QuickChange Lightning Site-Directed Mutagenesis Kits were purchased from Agilent
Technologies. PVDF (polyvinyl difluoride) membranes and nitrocellulose membranes were
purchased from Thermo Scientific and GE Healthcare, respectively. The antifade reagent was
purchased from Vector Laboratories (Burlingame, CA). All other reagents were obtained from
Fisher Scientific unless otherwise indicated. Protein purity was monitored by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and protein staining using EZ-Run

protein gel staining solution.
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2.2 Antibodies
All antibodies used for immunoblotting and immunohistochemistry are listed in Table
2.1. Catalogue number, immunogen and dilution ratio were provided as followed.

Table 2.1 Used antibodies and dilutions

Antibody Catalogue no. immunogen host dilutions
PSAP RC2174551A AA 1-250 Rabbit 1:3,000
PCSK9 15A6 CTD Mouse 1:1000
PCSK9 13D3 CAT Mouse 1:3000
HA OPA1-10980 YPYDVPDYA Rabbit 1:1,000
MPSAP GR7466-16 n/a Rabbit 1:1,000
ATPASE 610993 AA 1-100 Rabbit 1:500
ACTIN 612657 n/a Mouse 1:10,000
CALNEXIN 610524 AA 116-301 Mouse 1:2,000
APOAl 3350 n/a Mouse 1:3,000
ANTI-MYC C 3956 EQKLISEEDL Rabbit 1:1000
TFR 612125 AA 517-623 Mouse 1:10,000
LDLR HL-1 C-terminus Mouse 1:5,000
SEC24A HOOO 10802-MO1  AA 642-672 Rabbit 1:1000
SEC24B Fl611 n/a Goat 1:500
SEC24C 8531s n/a Rabbit 1:500
SEC24D Al4l1 n/a Rabbit 1:300

2.3 Site-directed mutagenesis of LDLR and PCSK9

The cDNAs of human LDLR and PCSK9 cDNA were also cloned into the directional
pcDNA3.1 vector. The mutations were generated using the QuickChange Lightning Site-
Directed Mutagenesis Kits according to the manufacturer’s instructions. Oligonucleotides
bearing mismatched bases at the residue to be mutated were synthesized by IDT, Inc.
(Coralville, IA). The sample reactions were set up at 25 ul volume, containing 2.5 ul of 10x

reaction buffer, 50 ng of dsDNA template, 125 ng of oligonucleotide primer (forward), 125 ng
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of oligonucleotide primer (reverse), 0.5 pul of ANTP mix, 0.75 pl of QuikSolution reagent and
0.5 pl of QuikChange Lightning Enzyme. The reaction conditions are listed in Table 2.2.

Table 2.2 Cycling Parameters for the QuickChange Site-Directed Mutagenesis

segment cycles temperature time
1 1 95 °C 30 seconds
2 12-18 95°C 30 seconds
55°C 1 minute
68°C 1 minute/kb

The amplification reaction samples were then incubated with 1 pl of Dpn I restriction
enzyme at 37°C for 1 h. 1 pl of Dpn I treated DNA from each reaction sample was
transformed into 50 ul DH5-a competent cells. DNA and competent cells were gently mixed

and incubated on ice for 30 min, and then cells were heat-shocked at 42°C for 30 seconds,

following with incubation on ice for 2 min. With the addition of 500 ul pre-warmed VA
broth, the transformants were incubated at 37°C for 1 hour with shaking at 225-250 rpm, and
then selected on the agar plates containing antibiotic ampicillin (at 100ug/ml). The presence of
the desired mutation and the integrity of each construct were verified by DNA sequencing
(TAGC, Edmonton, Canada).

All primers used for site-directed mutagenesis are listed in Table 2.3.
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Table 2.3 Primers for mutagenesis

Target Forward primer Reverse primer

PCSK9!-57 5’-AGG TGC TGC CTG CTA TGA CAG GCC AAC TGC-3” 5’-GCA GTT GGC CTG TCA TAG CAG GCA GCA CCT-3’

PCSK9!-446 5’-GCC CTG CCC CCC TGA ACC CAT GGG GCA-3’ 5’-TGC CCC ATG GGT TCA GGG GGG CAG GGC-3”

PCSK9!-444 5’-GTG GCG GCC CTG TGA CCC AGC ACC CAT G-3° 5’-CAT GGG TGC TGG GTC ACA GGG CGG CCA C-3°

PCSK9!-425 5’-AAA GAT GTC ATC AAT TAG GCC TGG TTC CC-3’ 5’-GGG AAC CAG GCC TAATTG ATG ACA TCT TT-3”

P445F 5'- GGT GGC CGC CCT GTT CTG AAG CAC CCA TGG -3' 5'- CCA TGG GTG CTT CAG AAC AGG GCG GCC ACC -3'

P445T 5'- GGT GGC CGC CCT GAC CTG AAG CAC CCATG -3’ 5'- CAT GGG TGC TTC AGG TCA GGG CGG CCA CC -3'

P445F-FL 5’-GGT GGC CGC CCT GTT CCC CAG CAC CCA TGG-3’ 5’-CCA TGG GTG CTG GGG AAC AGG GCG GCC ACC-3’

S565L 5’-GTGTGGTCAGCACACTTGGGGCCTACACGG-3’ 5’-CCGTGTAGGCCCCAAGTGTGCTGACCACAC-3’

D480N 5’-GCC CGC TGC GCC CCA AAT GAG GAG CTGCTG-3” 5’-TCA GCA GCT CCT CAT TTG GGG CGC AGC GGG C-3’

R495Q 5’-TCCAGGAGTGGG AAG CAG CGG GGC GAGCGC AT- 5’-ATG CGC TCG CCCCGCTGC TTC CCACTCCTGGA-3”

R499H 5’-AAGCGG CGGGGCGAGCAC ATG GAG GCCCAAGGG-  5’-CCCTTGGGCCTCCATGTG GTC GCC CCG CCG CTT-37

LDLR

D203N 5’-GCC CCG ACT GCA AGA ACA AAT CTG ACG AG-3’ 5’-CTC GTC AGA TTT GTT CTT GCA GTC GGG GC-3”

E180Q 5’-CCT GCT CGG CCT TCC AGT TCC ACT GCC TA-3’ 5’-TAG GCA GTG GAA CTG GAA GGC CGA GCA GG-3’

D203A 5’-CCC GAC TGC AAG GCC AAA TCT GAC GAG-3’ 5’-CTC GTC AGA TTT GGC CTT GCA GTC GGG-3’

D203G 5’-CCC GAC TGC AAG GGC AAA TCT GAC GAG-3’ 5’-CTC GTC AGA TTT GCC CTT GCA GTC GGG-3’
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2.4 Cell culture and transfection

All cells were cultured at 37 °C in a 5% CO; humidified incubator. HEK293, HepG2,
Huh7 cells were maintained in DMEM (high glucose) containing 10% (v/v) FBS. Hepalclc7
cells were maintained in MEM a containing 10% FBS. Dicer-Substrate siRNA (DsiRNA) and
plasmid DNA were introduced into cells using Lipofectamine™ RNAIMAX and X-
tremeGENE™ HP (HEK293, Huh7, and Hepalclc7 cells) or Lipofectamine™ 3000 (HepG2
cells), respectively, according to the manufacturer’s instructions. Scrambled and predesigned
DsiRNAs against PSAP, PCSK9, SEC24s were purchased from IDT® and listed in Table 2.4.

For siRNA transfection, Huh7 and HepG2 cells were seed at a 12-well plate with a
density of 1.0 x 10° cell/well without antibiotics. The next day, cells were transfected with
Lipofectamine® RNAIMAX transfection reagent. 1 ul of 10 uM siRNA was added to 50 ul
Opti-MEM and mixed with 3 ul of RNAIMAX in 50 ul Opti-MEM for 5 min (final
concentration 10 nM). Mixtures were added to each well dropwise. After 48 hours, whole cell
lysate was subjected to immunoblotting. Scrambled siRNA was served as controls.

In the case of lysosomal staining, cells were pre-incubated with LysoTracker Red (100
nM) for 30 minutes, washed twice with ice-cold PBS and placed in cell imaging medium (10
uM HEPES-HBSS, pH 7.4) for live-cell imaging.

Table 2.4 DsiRNAs for knocking down experiments

Target forward reverse
scramble 5’-AUUAGUGUGCGAUGUACCCAGGAAC-3’ 5’-GUUCCUGGGUACAUCGCACACUAAUAU-3’
SEC24A 5’-UGCUAAUCAUUUAACCACAAGCATG-3’ 5’-CAUGCUUGUGGUUAAAUGAUUAGCACC-3’
SEC24B 5’-ACUUACUGAAUGCAUUACCAAACAT-3’ 5’-AUGUUUGGUAAUGCAUUCAGUAAGUCU-3’
SEC24C 5’-GCAUGAAGCUACUCCCAGUUUACCT-3’ 5’-AGGUAAACUGGGAGUAGCUUCAUGCAC-3’
SEC24D 5’-GGUCACUACAGAUUGCAUGAUACAA-3’ 5’-UUGUAUCAUGCAAUCUGUAUUGACCAG-3’
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2.5 Immunoblotting

The cells were lysed in the lysis buffer B (1% Triton, 150 mM NaCl, 50 mM HEPES,
pH 7.4) containing 1xComplete EDTA-free protease inhibitors for 30 min on ice. After
centrifugation for 10 min at 20,000 x g at 4 °C, the supernatant was collected, and protein
concentrations were determined by the BCA protein assay. Same amount of cell lysate
proteins or culture medium was subjected to SDS polyacrylamide gel electrophoresis (SDS-
PAGE, 4%-20%) and then transferred to nitrocellulose membranes (GE Healthcare) by
electroblotting. Membranes were blocked for 30 min in 1XPBS containing 0.01% Tween-20
and 5% non-fat milk. Immunoblotting was performed using specific antibodies as indicated.
15A6, a monoclonal anti-LDLR antibody HL-1 (1:5000), a monoclonal anti-PCSK9 antibody
15A6 (1:2000) (126); 13D3, a monoclonal anti-catalytic domain of PCSK9 antibody (1:3000)
(97); a monoclonal anti-actin antibody (1:5000, BD Bioscience); a monoclonal anti-transferrin
receptor antibody (1:5000, BD Bioscience), a monoclonal anti-SEC24A antibody (1:1000,
Abnova), a goat anti-SEC24B antibody (1:300, Santa Cruz), a rabbit polyclonal anti-SEC24C
antibody (1:500, Cell Signaling Tech.), a rabbit anti-SEC24D antibody (1:1000, Cell Signaling
Tech.). After incubation at 4 °C overnight, antibody binding was detected using IRDye680 or
IRDye800-labeled goat anti-mouse or anti-rabbit IgG (Li-Cor). The signals were detected on a

Licor Odyssey Infrared Imaging System (Li-Cor).

2.6 Immunofluorescence of LDLR and PSAP

Confocal microscopy was carried out as described previously (127-129).
Approximately 1.5x10° HEK 293 cells were seeded in each well of a 12-well tissue culture
dish on coverslips. After 24 h, the cells were transfected with plasmids expressing WT or

mutant LDLR using X-tremeGENE HP (1.0 pg DNA and 2.5 pl HP/well) according to the
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manufacturer's protocol. 48 h later, the cells were washed and fixed with 3%
paraformaldehyde in phosphate buffered saline (PBS). Cells were permeabilized using cold
methanol (-20°C) for 20 min and washed with a blocking solution of 1% BSA in PBS. Then
cells were incubated overnight in a blocking solution containing an anti-LDLR monoclonal
antibody, HL-1 (used at 1:300 dilution). After washing with blocking solution for 10 min,
cells were incubated with Alexa Fluor 488 goat anti-mouse IgG for 1 h, following with
another 3 times washing with the blocking solution, 10 min for each. Coverslips were mounted
on the slides with one drop of Antifade reagent containing 4',6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, CA). Localization of LDLR in the transfected cells
was determined using a Leica SP5 laser scanning confocal microscope (filters: 461 nm for

DAPI, 488 nm for Fluor 488).

2.7 Biotinylation of cell surface protein

Biotin labelling of cell surface proteins was carried out exactly as previously described
(32). For transient transfection, HEK 293 cells were set up in a 6-well plate and transfected
with plasmids expressing WT or mutant LDLR as described previously. After 48 h, HEK 293
cells overexpressing WT or mutant LDLR were washed twice with ice-cold PBS buffer, and
then biotinylated using EZ-Link Sulfo-NHS-LC-Biotin following the manufacturer’s protocol
(Thermo Scientific). Specifically, cells were incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-
LC-Biotin in amine-free PBS buffer, gently rocking at 4°C for 30 min. Cells were then washed
with cold PBS buffer twice, and the reaction was terminated by blocking with cold PBS
containing 100 mM glycine for 20 min at room temperature (RT). After 3 times washing with

PBS, cells were lysed in 200 pl of lysis buffer B (1% triton, 150 mM NaCl, 50 mM Tris-HCI,

pH 7.4). A total of 45 pl of the cell lysate was saved, and 150 pl of the lysate was added to 60
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pl of 50% slurry of Streptavidin-agarose (Thermo Scientific) and another 200 pl of lysis
buffer B. The mixture was rotated overnight at 4°C. After centrifugation at 7000 rpm for 5
min, the pellets were washed three times with lysis buffer B by centrifugation at 7000 rpm for
5 min and the cell surface proteins were eluted from the beads by adding 60 ul 2x SDS
loading buffer (62 mM Tris-HCI, pH 6.8, 2% SDS, 50% glycerol, 0.005% bromophenol). A
15 ul 4x SDS loading buffer was added to the saved 45 pl cell lysate, and both cell lysate and
cell surface proteins were incubated for 5 min at 95°C. Proteins were then subjected to
SDS/PAGE (8%) and analyzed by immunoblotting with a mouse anti-LDLR monoclonal

antibody (HL-1) and a mouse anti-transferrin receptor monoclonal antibody.

2.8 Binding of PCSK9 to LDLR and PCSK9-promoted LDLR degradation.

The experiments were performed as described in our previous studies (23,97,127).
Basically, the recombinant full-length human PCSK9 contained a FLAG tag at the C-terminus
was purified from HEK 293S cells as described (23,97,127). Cells were seeded in 12-well
dishes in 1 ml of culture medium containing 1.5 x 103 cells/well. 24 h later, the cells were
transfected with empty plasmid or a plasmid carrying the wild-type or mutant LDLR cDNA
using X-tremeGENE HP (1.0 pg DNA and 2.5 pl HP/well) according to the manufacturer's
protocol. For PCSK9 binding, 48 h after transfection, binding of PCSK9 to LDLR at different
pH values was carried out as described (127). Briefly, cells were washed twice with ice-cold
pH 7.4 buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM CaCl,, and 2.5% non-fat milk) or pH
6.0 buffer (25 mM Tris-Maleate buffer, 150 mM NaCl, 2 mM CaCl,, and 2.5% non-fat milk),
chilled on ice for 30 min in the pH buffer to inhibit LDLR endocytosis. PCSK9 (2 pg/well)
was then added to the chilled cells in the ice-cold relevant pH buffer and incubated for 2-hour

on ice that could inhibit PCSK9-promoted LDLR degradation. After, the cells were washed
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twice in the ice-cold relevant pH buffer and then collected for the preparation of whole cell
lysate. For PCSK9-promoted LDLR degradation, 48 h after transfection, the cells were
washed twice in DMEM and then incubated with DMEM containing different amounts of
PCSKO9 as indicated for 12 h at 37 °C in a 5% CO; humidified incubator. The cells were then
washed twice in PBS and collected for the preparation of whole cell lysate. Protein
concentrations were determined by the BCA protein assay. Same amount of whole cell lysate
was subjected to SDS-PAGE (8%) and immunoblotting using the following antibodies: 15A6,
a monoclonal anti-PCSK9 antibody; 13D3, a monoclonal anti-the catalytic domain of PCSK9
antibody (97); 9E10, a monoclonal anti-Myc tag antibody; HL-1, a monoclonal anti-LDLR
antibody (23,97); a monoclonal anti-actin antibody, and a polyclonal anti-calnexin antibody

(Invitrogen).

2.9 RNA isolation from cultured cells or mouse liver

Total RNAs were extracted from transfected Huh7 cells or from 50 mg of mouse liver
using RNeasy Plus Mini Kit (Qiagen) or Trizol (Life Technologies), respectively. Liver was
weighted 50 mg per sample, and briefly washed with PBS before 1 mL of Trizol reagent was
applied to the homogenizer. The mixture was then transferred to an RNase-free tube and
incubated at room temperature for 5 min before 200 pl of chloroform were added. The
aqueous phase containing RNA was collected after centrifugation at 13,000 x g at 4 °C for 15
min. RNA was precipitated with an equal volume of isopropanol and centrifugation at 13,000
x g at 4 °C for 15 min. The purified RNA was further washed with 1 mL of 75% RNase-free
ethanol to remove salts. The RNA was pelleted by centrifugation as above, dried at room

temperature for several minutes, and dissolved in an appropriate amount of RNase-free water.
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RNA concentration was determined by a NanoDrop 2000 spectrophotometer (Thermo

Scientific).

2.10 Quantitative Real-Time PCR (qRT-PCR)

The cDNA for RT-PCR was prepared using 2000 ng RNA per sample, and a reverse
transcription reaction was performed using the Superscript III system (Life Technologies).
Relative qRT-PCR was carried out on StepOnePlus™ using SYBR®Select Master Mix
according to the manufacturer’s instruction. The human genes detected included PSAP,
GAPDH, LDLR, PCSK9 and SREBP2 and the mouse genes included Psap, Gapdh, Pcsk9,
Ldlr and Srebpf2. Relative gene expression was normalized to the glyceraldehyde-3-phosphate
dehydrogenase gene (GAPDH) that had a similar amplification efficiency as that of the target
genes. Primers for human and mouse genes were designed by PrimerQuest Real-Time PCR

Design Tool, synthesized by IDT, Inc., and listed in Table 2.5.
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Table 2.5 Primers for qRT-PCR

Target Forward primer Reverse primer
GAPDH 5’-ACA TCG CTC AGA CAC CAT G-3’ 5’-TGT AGT TGA GGT CAA TGA AGG G-3’
LDLR 5’-TTC ACT CCA TCT CAA GCA TCG-3’ 5’-ACT GAA AAT GGC TTC GTT GAT G-3’
PCSK9 5’-CAC AGA GTG GGA CAT CAC AG-3’ 5’-TTT GGC AGA GAA GTG GAT CAG-3’
PSAP 5’-TGC CAG AAT GTG AAG ACG G-3’ 5’-TCC TTC AGC ATA TCA CCA GC-3’
IDOL 5’-TGC TGT GTT ATG TGA CGA GG-3° 5’-CTT TGC TAC CCG TAA ACT GC-3°
SREBP2 5’-TTC CTG TGC CTC TCC TTT AAC-3’ 5’-TCA TCC AGT CAA ACC AGC C-3’
HMGCR 5’-ACA GAT ACT TGG GAA TGC AGA-3’ 5’-CTG TCG GCG AAT AGA TACACC-3’
MPCSK9 5’-TTT TAT GAC CTC TTC CCT GGC-3’ 5’-ATT CGC TCC AGG TTC CAT G-3°
MPSAP 5’-TGG ACA TGA TTA AGG GCG AG-3’ 5’-CTG TTT CTG GTT TTG CTC GG-3’
MLDLR 5’-AAC CGC CAA GAT CAA GAA AG-3’ 5’-GCT GGA GAT AGA GTG TTT G-3°
MSREBF2  5°-CCC TAT TCC ATT GAC TCT GAG C-3’ 5’-CAC ATA GGA TTC GAG AGC G-3°
MGAPDH 5’-CTT TGT CAA GCT CAT TTC CTG G-3’ 5’-TCT TGC TCA GTG TCC TTG C-3’
MHMGCR 5°-GCC CTC AGT TCA AAT TCA CAG-3’ 5’-TTC CAC AAG AGC GTC AAG AG-3’
SEC24A 5’-TTC CTT CTCAGT GGA CAG TAT TC-3’ 5’-GCT GAT GAT GGT AAG AGG GAT AG-3’
SEC24B 5’-CTC AGT TAC ACA GCC ATC AGA G-3° 5’-TCA ACA CCT GCT TCC TCA TC-3’
SEC24C 5’-TGA TGG TTG TGT CTG ATG TGG-3’ 5’-TGT CTC TGT TTC CCT TGT GTC-3’
SEC24D 5’-GAA CGA GCA TAC CAG AGA CAG-3’ 5’-GAA AGA CGG GAC TCA GAG C-3’

2.11 Dil-LDL binding assay

For LDL uptake by mutant LDLR, hepalclc7 cells were seed at a density of 30,000
cells/well in a 96-well plate in 100 pl of MEM-a containing 10% FBS. 24 h later, the cells
were transfected with a plasmid carrying the wild-type or mutant LDLR ¢DNA using X-
tremeGENE HP (0.1 ng DNA and 0.25 pl HP/well) or siRNA against mouse PSAP using
Lipofectamine RNAIMAX according to the manufacturer's protocol. 48 h after transfection,

the LDL binding assay was performed as previously described (130,131). Briefly, cells were
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washed with Opti-MEM. Dil-labelled LDL (10 pg/ml) was then added to cells in 100 pl of
MEM-a containing 5% newborn calf lipoprotein-poor serum (NCLPPS) in the presence or
absence of unlabeled human LDL (600 pug/ml). The plates were incubated at 37 °C for 6 h.
After, the cells were washed four times in the washing buffer (50 mM Tris-HCI, pH7.4, 150
mM NaCl, 2 mg/ml BSA) and then lysed in 100 pl of RIPA buffer (50 mM Tris-HCl, ph7.4,
150 mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) contacting protease
inhibitors. The lysate was then transferred to a 96-well black plate for the measurement of
fluorescence using a SYNERGY plate reader at an excitation wavelength of 520 nm and an
emission wavelength of 580 nm. The concentrations of total proteins in each well were
measured using the BCA protein assay. LDL uptake was calculated by normalization of the
fluorescence units to the amount of total proteins in the same well. The results obtained in the
presence of excess unlabeled LDL revealed the nonspecific binding. Specific binding was

calculated by subtraction of nonspecific binding from the total counts measured in the absence

of unlabeled LDL.

2.12 Immunohistochemistry
All liver sectioning and staining were performed by the HistoCore facility in Alberta
Diabetes Institute at the University of Alberta. The slides were stained with hematoxylin and

eosin (H&E), trichrome, or Oil Red O, and then imaged on ZEISS Axio Observer Al.

2.13 Co-immunoprecipitation

Huh7 cells were plated in 100 mm?-plates and transiently transfected with 10 ug of
DNA coding for LDLR and PSAP using polyethyleneimine (PEI). 48 h after transfection,
whole cell lysate was prepared in 300 ul lysis buffer B and immunoprecipitated with 2 pl anti-

myc antibody 9E10 or anti-LDLR antibody HL-1 for 2 h. Then 20 pl protein G-beads were
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then added to each tube and rotated at 4 °C overnight. The samples were washed 3 times with

lysis buffer B in the following day. The immunoprecipitated proteins were then eluted with 20

ul 1x SDS loading buffer and subjected to SDS-PAGE and immunoblotting.

2.14 Plasma cholesterol, alanine aminotransferase (ALT) analysis
Heparin-plasma was isolated from blood collected from tail or saphenous veins of mice
on the Western-Type diet. Plasma ALT, total cholesterol, HDL, and non-HDL cholesterol
were measured using their specific commercial kits. Briefly, plasma total cholesterol levels
were measured using colorimetric kits (Wako). Plasma lipoproteins were analyzed by running
pooled plasma onto a fast protein liquid chromatography system by the Lipidomic Core

Facility at the University of Alberta.

2.15 Preparation of adeno-associated virus (AAV)

Two PSAP shRNAs and a scrambled control shRNA were designed by the BLOCK-
iT™ RNAI Designer and siRNA Wizard, respectively. Both were synthesized by Integrated
DNA Technologies and then cloned into the pAAV-U6-GFP vector. pAAV-U6-shRNA-GFP,
pAAV-helper, and pAAV-DJ/8 (Cell Biolabs) were co-transfected into HEK293 cells. After
72 h, cells were collected and lysed via freeze-thaw cycles and centrifuged for 10 min at
10,000 X g. AAVs in the supernatant were applied to a Optiprep density gradient
ultracentrifugation. AAVs (density = 1.33 g/mL) were collected, diluted in 1XPBS and
concentrated using a 100-kDa cut-off centrifugal filter to remove Optiprep. The titer of AAV

was quantified using qRT-PCR and expressed as a genomic copy as described (132,133).
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2.16 Deglycosylation of LDLR

HEK293 cells transiently expressing the wild-type or mutant LDLR were washed
twice with PBS and collected in 1 mL of ice-cold PBS containing 2 mM EDTA. After
centrifugation at 20,000 x g for 2 min at 4 °C, the cell pellets were resuspended in 20 pl of 1 %
glycoprotein denaturing buffer, gently mixed, heated at 100 °C for 10 min, and then chilled on
ice for 10 seconds. After, 4 ul of 10 x G7 reaction buffer (New England Biolabs), 4 ul of 10%
Nonidet P-40 (vol/vol), and 12 pl of H>O were added to the sample. Each sample was then
supplied with 2 pl of PNGase F or H>O, followed by incubation at 37 °C for 1 h. Protein

glycosylation was monitored by immunoblotting.

2.17 Inhibition of N-glycosylation

HEK?293 cells seeded in a 12-well plate were transfected with empty plasmid or a
plasmid carrying the wild-type or mutant LDLR cDNA using X-tremeGENE HP (1 ug DNA,
and 2.5 pl HP/well). 24 h later, the cells were incubated with tunicamycin dissolved in DMSO
(Sigma, 0.5 pg/mL) or DMSO at 37 °C for 24 h. The cells were then washed twice in PBS and

collected for the preparation of whole cell lysate and immunoblotting.

2.18 Animal handling and diets

All procedures were approved by the University of Alberta’s Institutional Animal Care
Committee in accordance with guidelines of the Canadian Council on Animal Care. Male
C57BL/6 (backcrossed >7 generations) were exposed to a 12 h light-dark cycle and housed
with free access to water and standard chow diet (LabDiet, #5001) with 58% calories from
carbohydrate and 13% from fat. Tissues were collected and stored at -80 °C until analysis or

preserved in 10% phosphate-buffered formalin for histology.
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2.19 Statistic analysis

All statistical analyses were carried out by GraphPad Prism version 4.0 (GraphPad
Software). Student’s t-test or one-way ANOVA with Tukey post-hoc test was carried out to
determine the significant differences between groups. All data met normal distribution criteria
and variance between groups that was analyzed by F-test showed no significant difference
(P>0.05). Values of all data unless otherwise indicated were mean = S.D. The significance was
defined as *p<0.05, ** p<0.01, *** p<0.001. All experiments except for where indicated were

repeated at least three times.
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The role of the C-terminal domain of PCSK9 and SEC24 isoforms in PCSK9 secretion
Shi-jun Deng?, Yishi Shen?, Hong-mei Gu?, and Da-wei Zhang ®® *
2 Department of Pediatrics, Group on the Molecular and Cell Biology of Lipids, Faculty of

Medicine and Dentistry, University of Alberta, Edmonton, Alberta, Canada.

Abstract

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secretory protein that
promotes LDL receptor (LDLR) degradation and thereby regulates plasma levels of LDL
cholesterol. Previous studies have shown that the C-terminal domain (CTD) of PCSK9 is
required for PCSKO9 secretion. However, how exactly the CTD contributes to PCSK9 secretion
is not completely understood. Here, we investigated the role of its CTD and SEC24, the cargo
adaptor protein of the coated protein complex II, in PCSK9 secretion. We found that mutant
PCSK9'28 in which amino acids from 529 to the end (amino acid 692) were deleted, was
maturated and secreted from cells as efficiently as the wild type protein. Lacking amino acids
from 454 to 692 in mutant PCSK9'433 significantly reduced its maturation and secretion, but
to a lesser extent as compared to mutants PCSK9!#46 PCSK9!"*45, and PCSK9'-** that
missing amino acids 447-692, 446-692, and 445-692 respectively. These three mutants all
significantly impaired PCSK9 maturation to a similar extent. However, mutant PCSK9!-444
essentially eliminated PCSK9 secretion while PCSK9!"#4¢ and PCSK9'"** could be fairly
secreted to culture medium. We also found that natural variants in the CTD including S462P,
S465L, E482G, R495Q and A522T, impaired PCSK9 secretion. Furthermore, knockdown of
SEC24A, SEC24B, SEC24C but not SEC24D reduced secretion of the full length PCSK9 but

not mutant PCSK9!-#4¢. Together, these findings demonstrate the important role of the CTD of

PCSK9 and SEC24A, SEC24B, and SEC24C in PCSK9 secretion.
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Research highlights: ¢ Amino acids from 529 to 692 in C-terminus of PCSK9 is not required
for its maturation and secretion. ¢ Removal of amino acids 445-692 essentially eliminates
PCSKO secretion. ¢ Natural variants S462P, S465L, E482G, R495Q and A522T impair

PCSKO secretion. ¢ SEC24A, B, C facilitate endogenous human PCSK9 secretion.

Keywords: Atherosclerosis, PCSK9, protein secretion, lipoprotein metabolism, LDL receptor

Abbreviations: COPII, the coat protein complex II; CTD, C-terminal domain (CTD);
HEK?293, human embryonic kidney; EGF-A, the epidermal growth factor precursor homology
repeat-A; ER, endoplasmic reticulum; FH, familial hypercholesterolemia; LDL-C, low density
lipoprotein cholesterol; LDLR, LDL receptor; NCLPPS, newborn calf lipoprotein-poor serum;
PCSKO9, proprotein convertase subtilisin/kexin type 9; SDS-PAGE, SDS polyacrylamide gel

electrophoresis
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3.1 Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a 692-amino acid secretory
glycoprotein. It consists of a 30 amino acid signal sequence followed by a prodomain (PRO), a
catalytic domain (CAT), and a C-terminal domain (CTD). The CTD domain contains an
exposed hinge region (residues 426-439) and three repeat modules, module 1 (CM1: amino
acids 457-528), module 2 (CM2: amino acids 534-601), and module 3 (CM3: amino acids
608-692) (105,108,125). GOF mutations in PCSK9 lead to elevated plasma LDL-C levels and
accelerated atherosclerosis and premature coronary heart disease (41,42). Conversely, LOF
PCSK9 mutations lead to reduced plasma LDL-C levels and protection from coronary heart
disease (51,134). Inhibition or silence of PCSK9 is a novel powerful therapeutic approach to
lower LDL-C (135-137).

Mechanistically, PCSK9 targets LDLR for degradation mainly through the extracellular
pathway that requires clathrin-mediated endocytosis of the cell surface LDLR
(23,97,126,127,138). PCSK9 shunts the typical LDLR recycling route, resulting in decreased
levels of hepatocyte cell surface LDLR and increased plasma levels of LDL-C (56,126).
PCSKD interacts with the epidermal growth factor precursor homology repeat-A (EGF-A) of
LDLR at the cell surface and binds to the receptor with a much higher affinity at the acidic
environment of the endosome. Consequently, the receptor is redirected from the endosome to
the lysosome for degradation (23,97,104,112,126,127,139-141). The X-ray crystallographic
structure of PCSK9 with the partial extracellular domain of LDLR at a neutral pH value shows
that the prodomain of PCSK9 also binds to the YWTD repeats of LDLR (142). Recently, we
demonstrated that in addition to the EGF-A and the YWTD repeats, negatively charged
residues in the ligand-binding repeats of LDLR play an important role in PCSK9 binding to

the receptor (127).
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PCSKO is synthesized as a zymogen and undergoes autocatalytic cleavage in the ER at
the FAQ152/SIPK site, which is required for protein secretion (82). Some LOF PCSK9
mutations reduce PCSK9 secretion, while GOF mutation E32K enhances PSCK9 secretion
(143,144). Further, circulating PCSK?9 is rapidly cleared from plasma with a half-life of about
5 min in mouse blood (145). Thus, targeting PCSK9 secretion is a promising strategy to
reduce LDL-C levels. Circulating PCSK9 is mainly secreted from the liver (57). However, the
molecular mechanism of PCSKO9 secretion is unclear.

The C-terminal PCSK9 has been implicated in its secretion. LOF mutations such as
S462P and C679X located in the C-terminus of PCSK9 impair its secretion (52,123,124).
Removal of part of C-terminus leads to deficient PCSK9 secretion (108,125). Here, we further
characterized the role of the C-terminus of PCSK9 in its secretion. In addition, COPII
transports secretory proteins from the ER to the Golgi for secretion. It has been shown that
SEC24A and SEC24B facilitate PCSK9 secretion in mouse and in 293T cells (88).
Mammalian cells express four SEC24 isoforms, SEC24A, SEC24B, SEC24C and SEC24D,
each preferentially mediating the recruitment of specific cargo proteins into COPII vesicles for
subsequent export from the ER (86,146,147). Considering plasma PCSK9 is mainly secreted
from hepatocytes (57), we investigated the role of SEC24 isoforms in the secretion of
endogenous human PCSK9 from human hepatoma-derived cells, Huh7. We found that the
lack of amino acids 445 to 692 in mutant PCSK9'-4** almost completely eliminated PCSK9
secretion and that SEC24A, SEC24B and SEC24C but not SEC24D were involved in

endogenous human PCSK9 secretion.

47



3.2 Results

3.2.1 The impact of C-terminal truncated mutants on PCSK9 secretion

Given the role of the CTD in PCSK9 secretion and function (97,104,112,141), we
assessed the minimum length requirement of CTD for PCSK9 secretion. C-terminal PCSK9
(amino acids 426-692) contains three modules and a hinge region that connects the C-terminus
to the catalytic domain (Fig 3.1A). We introduced a stop codon at different positions to make
five truncated PCSK9 mutants, PCSK9!-28 PCSK9!"43, PCSK9'-*4% PCSK9'-*% and
PCSK9!*# in which amino acids 529 to 692 including both CM2 (amino acids 534-601) and
CM3 (amino acids 608-692), amino acids 454 to 692 including all three C-terminal modules,
amino acids 447 to 692, amino acids 446 to 692, and amino acids 445 to 692 were removed,
respectively (Fig 3.1A). We then transiently overexpressed these mutants in HEK293 cells and
monitored their expression in whole cell lysate and their secretory form in culture medium. As
shown in Figure 3.1B, all mutants could undergo self-cleavage to produce the mature form. To
assess the effect of the deletions on PCSK9 maturation, we quantified the amount of the
mature form of PCSK9 in whole cell lysate and culture medium and total PCSK9 (mature
form + precursor). As shown in Figure 3.1C, mutant PCSK9!-?® that retained CM1 had no
significant effect on PCSK9 maturation (Fig 3.1C). On the other hand, when compared to the
wild-type protein or mutant PCSK9!-528, mutants PCSK9!-444 PCSK9!44, and PCSK9!-44 that
lacked the entire CM1-CM3 domains and a partial hinge region all markedly reduced the
amount of the mature form of PCSK9 to the same degree, mutant PCSK9!*3 also
significantly reduced PCSK9 maturation but to a lesser extent. The difference in PCSK9
maturation between mutants PCSK9!-43? and PCSK9!#46, or among the three mutants PCSK9!-

444 PCSK9!, and PCSK9!"*46 was not statistically significant, but it was statistically
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significant between mutants PCSK9'"4°% and PCSK9!'-44 or PCSK9!-44°,

We then defined the impact of these mutations on PCSK9 secretion. PCSK9 secretion
efficiency was expressed as the ratio of the amount of mature PCSK9 in medium to that of
total mature PCSK9 detected in cells plus medium. As shown in Figure 1D, the amount of
secreted PCSK9 in culture medium was comparable between the wild-type PCSK9 and
PCSK9!-328- PCSK9!43 but significantly decreased in all other mutants tested. The difference
among mutants PCSK9!-433, PCSK9!#6 and PCSK9!#4 was either nonsignificant or only mild

(Fig 3.1E). Conversely, PCSK9!-4#4 dramatically suppressed PCSK9 secretion.

A 1 31 153 426 457 527 601 692
Wild-type
pEsh PRO___J CAT Y cvi [ cm2 [ cms )
pcske 527 PRO___J CAT oM1 | 527
Pcske'452 PRO___J CAT | Hin PR
PCSK91'4$’:45 SP PRO ] CAT I\ 446/445/444
D
B
Sample| Con |WT |1-4441-4451-446 1452 |1-527 Gl [0 L Pl ] Vol f
lane [ 1 |2 | 3|4 |5 |67 s (e |2 F S |8 F
. Tz 63 ==
kDa - kDa b d
o
63- e — — —— - 7 - | B PCSKO
— | —
R
— e— —
T Ponceau
5| — — — — —— — | /\cti T S S - = == W | S staining
C _ o e e .
5 — T e e BN
€ 42- W W R f 1 ) 11 1
= t NS NS A% wes
5 T T T ——
g ns ok *k 1.2- ns * et
& 0.84 T 1 1 = e
a - = = NS wwws
2 -l g 0.8 I
[0
> 0.4+ T o -
@ X
2 3 -
ke & 041
& 0.0- T T T o
WT 1-527 1-452 1-446 1-445 1-444 g -
0.0-

T T T
WT 1-527 1-452 1-446 1-445 1-444

49



Figure 3.1 Secretion of the wild-type and mutant PCSKO9. 4. Schematic of the full-
length and different C-terminal deletion mutant PCSK9. SP, signal peptide; PRO,
prodomain; CAT, catalytic domain; HIN, hinge region; CM1, CM2 and CM3: three modules
of C-terminal domain. Numbers on the top of the wild-type PCSK9 indicates the amino acid
sequence of each domain. B to D. Maturation (B and C) and secretion (D and E) of the wild-
type and mutant PCSK9 in HEK293 cells. HEK293 cells were transfected with the wild-type
(WT) or mutant PCSK9 as indicated. Cells and medium were collected separately. Same
amount of whole cell lysate or culture medium was subjected to SDS-PAGE, followed by
immunoblotting using a monoclonal anti-PCSK9 antibody 13D3 and a monoclonal anti-actin
antibody. Culture medium was applied to SDS-PAGE in duplicate, one for immunoblotting
and one for ponceau S staining as the loading control. In the whole cell lysate, bottom band of
PCSK9 was the cleaved mature form of PCSK9. Top band was the precursor form. Control
(Con): cells were transfected with the empty vector, pPCDNA3.1. The relative levels of PCSK9
maturation were the ratio of the densitometry of PCSK9 mature form in whole cell lysate plus
secreted PCSK9 in medium to that of total PCSK9 (precursor + mature form + secreted form).
The ratio of PCSK9 maturation was the ratio of the relative levels of mutant PCSKO9 to that of
the wild-type PCSK9 that was defined as 1 (C). The relative levels of PCSK9 secretion were
the ratio of the densitometry of secreted PCSK9 in culture medium to that of total mature
PCSK9 (mature form PCSK9 in whole cell lysate + secreted PCSK9 in culture medium). The
ratio of PCSK9 secretion was the ratio of the relative levels of mutant PCSK9 secretion to that
of the wild-type PCSK9 that was defined as 1. Values of all data were mean = S.D. The
significance was defined as *p<0.05, ** p<0.01, *** p<0.001. All experiments were repeated

at least three times.
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To further determine if PCSK9 secretion could be completed inhibited, we made two
more mutants, PCSK9!#43 that lacked a partial hinge region and the three C-terminal modules
and PCSK9'#% that missed the whole hinge region and the three C-terminal modules (Fig
3.2A). The two mutations impaired PCSK9 maturation and secretion to a similar extent as
mutant PCSK9!-4#, essentially eliminating PCSK9 secretion. Together, it appears that CM2
and CM3 (amino acids 529-692) in the C-terminus of PCSK9 is not required for PCSK9
maturation and secretion, whereas the length of and/or specific amino acid residues in CM1
(amino acids 454-528) and the hinge region (amino acids 426-453) play a role in PCSK9
maturation and secretion and amino acid residue at position 445 seems to be critical for

PCSKO9 secretion.

A 1 3 153 426 457 527 601 692
Wild-type
PCSK9 pRO___J CAT JCC( et | om2 [ ows )
PCske ' 442 PRO ] CAT Y 443
pcske ! 425 PRO___J CAT )425
B D
Sample| Con |WT |1-425(1-443 |1-4441-445 sample| Con |WT |1-425|1-443 |1-444[1-445
Lane 1 2 3 4 5 6 Lane 1 2 3 4 5 6
75 - 63 =
kDa -
K IB: PCSK9
63 g ;
----'PCSKQ -
——
a——— - Ponceau
100 1 Y | stainin
P - Cl . - 5
=2 - =
E
c 12 1.2

Ratio of PCSK9 secretion

Ratio of PCSK9 maturation

| S S ,
0.8 4 0.8+
0.4 ﬁ 0.4+
0.0 . i'.' 0.04 C ==

WT  1-445 1444 1-443 1-425 WT  1-445 1-444 1-443 1-425

Figure 3.2 Secretion of the wild-type and mutant PCSK9. The experiments were
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performed exactly as described in the legend to Figure 3.1 except that different mutant PCSK9
was used. Values of all data were mean + S.D. The significance was defined as *p<0.05, **
p<0.01, *** p<0.001. All experiments except for where indicated were repeated at least three

times.
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3.2.2 The role of proline at position 445 in PCSK9 secretion

Next, we assessed the role of proline at position 445 (Pro**) in PCSK9 secretion.
Pro** in mutant PCSK9!4> was replaced with a neutral amino acid residue Ala (P445A), a
negatively charged residue Asp (P445D), a positively charged residues Lys (P445K), a
hydrophobic aromatic amino acid Phe (P445F), and a polar amino acid Thr (P445T). The
wild-type and mutant PCSK9!*4> were transiently expressed in HEK293 cells. Whole cell
lysate and culture medium were collected separately for immunoblotting. The amount of the
precursor and mature form of PCSK9 in whole cell lysate was comparable between the wild-
type and mutant PCSK9'"* except for mutation P445F that almost completely suppressed
self-cleavage of PCSK9!4 (Fig 3.3A and 3.3B). On the other hand, all of the mutant PCSK9
significantly reduced the amount of secreted PCSK9 in culture medium (Fig 3.3C and 3.3D),
indicating that these mutations impaired secretion of PCSK9!**4>, Thus, Pro at position 445
appears to be required for the efficient auto-cleavage and secretion of PCSK9!44.

We then replaced Pro**® with Ala (P445A) and Phe (P445F) in the full-length PCSK9
to investigate its effect on PCSK9. As shown in Figures 3.3E to 3.3H, the precursor and
mature form of PCSKO in cells and the mature form of PCSK9 in culture medium were
comparable between mutation P445A and the wild type full-length PCSK9, indicating a
negligible effect of this mutation on the full-length PCSK9 processing and secretion.
Conversely, mutation P445F significantly reduced the amount of the mature form of PCSK9 in
whole cell lysate but to a much lesser extent compared to the same mutation in PCSK9!-443,
P445F also reduced the amount of mature PCSK9 detected in culture medium, but when
normalized to the amount of total mature PCSK9, this mutation had no significant effect on
PCSK9 secretion. Thus, unlike mutant PCSK9!*4, the full-length PCSK9 seems not to

specifically require proline at position 445 for its efficient secretion.
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Figure 3.3 Effect of proline at position 445 on mutant PCSK9'*45 and the full length
PCSKO9. The experiments were performed exactly as described in the legend to Figure 1
except that different mutant PCSK9 was used. HEK 293 cells were transfected with the wild
type (Del-WT) or mutant PCSK9'#% (A to D) or the wild type (WT) or mutant full-length
PCSKO9 (E to H). m, the mature form of PCSKO9. p, the precursor form of PCSK9. Control
(Con): cells were transfected with the empty vector, pCDNA3.1. Values of all data indicated
were mean = S.D. The significance was defined as *p<0.05, ** p<0.01, *** p<0.001. All

experiments were repeated at least three times.
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3.2.3 The effects of natural mutations in CTD on PCSK9 secretion.

Both gain-of-function and loss-of-function mutations have been identified in the C-
terminal PCSK9. However, if and how these mutations affect PCSK9 secretion are not
completely understood. Thus, we introduced these natural variations into PCSK9 including
S462P, S465L, R469W, D480ON, E482G, R495Q, R496W, K499H, and AS522T and then
transiently expressed them in HEK293 cells. The amount of the precursor and mature form of
PCSKO9 in cell lysate were determined with immunoblotting using an anti-PCSK9 antibody.
Two bands of PCSK9 were observed in the whole cell lysate that corresponded to its precursor
and mature form (Fig 3.4A). All mutant PCSK9 produced similar amount of the mature form
of PCSKO9 as the wild-type protein in the whole cell lysate, indicating a negligible effect on
PCSK9 auto-cleavage (Fig 3.4A). When we examined secreted PCSK9 in cell culture
medium, we also observed two bands. The lower band was the furin-cleaved PCSK9 as
reported previously (148). We found that mutations R469W, D480N, R496W, E498K, and
R499H had no detectable effect on PCSK9 secretion (Fig 3.4B). On the other hand, mutations
S462P, S465L, E482G, R495Q, and AS522T all reduced the amount of PCSK9 detected in
medium. When normalized to the total amount of the mature form of PCSK9, these mutations

significantly impaired PCSK9 secretion.
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Figure 3.4 Effect of natural mutations in PCSK9 on its secretion. The experiments were
performed exactly as described in the legend to Figure 3.1. HEK 293 cells were transfected
with the wild-type or mutant PCSK9. Whole cell lysate and culture medium were subjected to
immunoblotting and quantification. Values of all data indicated were mean + S.D. The
significance was defined as *p<0.05, ** p<0.01, *** p<0.001. All experiments were repeated

at least three times.
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3.2.4 Role of SEC24 isotypes in PCSK9 secretion

It has been reported that SEC24A and SEC24B facilitated endogenous PCSK9
secretion in mouse. Overexpression of human SEC24A and SEC24B also increased secretion
of human PCSK9 stably overexpressed in 293T cells (88). Mammalian cells express four
isoforms of SEC24, A, B, C, and D, and each provides specificity in cargo selection to the
COPII vesicles. To test if SEC24s affect secretion of endogenous human PCSK9, we knocked
down their expression in human hepatoma-derived cell line, Huh7 cells. siRNAs targeting
specific SEC24 isoforms only dramatically reduced the levels of their own mRNA without any
effect on other isoforms (Fig 3.5A). Data obtained from Western blot also showed that protein
levels of SEC24A, SEC24B, SEC24C and SEC24D were markedly reduced by their specific
siRNA (Fig 3.5B). We then examined the effects of SEC24 knockdown on PCSK9 secretion.
As shown in Figures 3.5C and 3.5D, knockdown of SEC24A, SEC24B, and SEC24C but not
SEC24D significantly reduced PCSK9 levels in culture medium. We then investigated if
knockdown of SEC24 affected secretion of one of the CTD deletion mutant PCSK9!-#4¢ that
significantly reduced PCSK9 secretion but still could be fairly secreted into culture medium
(Fig 3.1D). As shown in Figures 3.6A-3.6C, reducing expression of SEC24 A, B, and C that
impaired the full-length PCSK9 secretion had no marked effect on secretion of mutant
PCSK9!44¢ These findings indicate that SEC24A, B and C facilitate efficient secretion of the

full-length PCSK?9 in cultured human hepatocytes.
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Figure 3.5 Role of SEC24s in PCSKD9 secretion. A and B. Knockdown efficiency. Huh7
cells were transfected with scrambled (Scram) or SEC24s siRNA as indicated. 48 h later, cells
were collected to make total RNA for qRT-PCR (A) or whole cell lysate for immunoblotting
(B). C and D. Effect of knockdown of SEC24 on PCSK9 secretion. Huh7 cells were
transfected with scrambled (Scram) or SEC24s siRNA as indicated. 48 h after, the cells were
washed once with DMEM and then cultured in DMEM without FBS for 24 h. Culture medium
and whole cell lysate were subjected to immunoblotting with a monoclonal anti-PCSK9
antibody, 15A6, a monoclonal anti-actin antibody, and a goat anti-albumin antibody. The data
were quantified as described to the figure legend to Figure 3.1. Values were mean = S.D. The
significance was defined as *p<0.05, ** p<0.01, *** p<0.001. All experiments were repeated

at least three times.
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Figure 3.6 Role of SEC24s in mutant PCSK9!"*¢ secretion. Huh7 cells were

transfected with scrambled (Scram) or SEC24s siRNA as indicated. 24 hours later, cells were

59



transfected with empty plasmid pcDNA3.1 or pcDNA3.1 containing cDNA of PCSK9!#6, 48
h after, the cells were washed once with DMEM and then cultured in DMEM without FBS for
24 h. Culture medium and whole cell lysate were subjected to immunoblotting with a
monoclonal anti-PCSK9 antibody, 13D3, a monoclonal anti-transferrin antibody, and a goat

anti-albumin antibody.
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3.3 Discussion

Plasma PCSK9 is mainly secreted from hepatocytes and its levels are positively
associated with LDL-C concentrations (149-151). However, the machinery system that assists
PCSKO9 secretion is unclear. The C-terminal domain is essential for PCSK9-promoted LDLR
degradation but is not required for its binding to LDLR (97,104,112,141). It has been reported
that deletion of all the three CMs or only CM2 and CM3 does not affect PCSK9 secretion
(108,125). Consistently, we observed that mutant PCSK9!-?® that lacked CM2 and CM3
displayed no significant difference in PCSK9 secretion compared to the full-length PCSK9
(Fig 3.1E). However, we did find that mutant PCSK9!*>* mildly but significantly impaired
PCSK9 maturation and secretion (Fig 3.1C). Neither Du et al. (125) nor Saavedra et al. (108)
quantified the effect of the deletion of CM1 to CM3 on PCSK9 maturation even though the
amount of cellular mature form of PCSK9 (ACD in Du’s study and L455X in Saavedra’s
study) appeared to be less than that of the full-length PCSK9. Nonetheless, our findings
indicate the potential role of CM1 in PCSKO9 self-cleavage. Furthermore, we defined the role
of the hinge region in PCSK9 secretion, which was not investigated in the two previous
studies (108,125). We found that deletion of partial or full hinge region all markedly impaired
PCSK9 maturation to a similar extent (Fig 3.2C). Conversely, mutant PCSK9!44 significantly
reduced PCSKO secretion but still could be fairly secreted to culture medium, whereas mutants
PCSK9!-#4 PCSK9!"*3, and PCSK9!? all essentially eliminated PCSK9 secretion (Fig
3.2E). The region between amino acids 449 to 453 is undefined in the crystal structure of
PCSKO9, but the rest of the hinge region is exposed on the surface and close to amino acids
Ile161 to Argl67 in the N-terminal CAT (Fig 3.7A) (83,105,109,139). Thus, removal of the

hinge region might interfere with the structure integrity of the CAT, thereby affecting PCSK9
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auto-cleavage and maturation. Deletion of Pro** in mutant PCSK9'#** was processed as
efficiently as mutants PCSK9!"** and PCSK9!*%¢ that included Pro*#, but PCSK9!-4#
markedly reduced PCSK9 secretion compared to the other two mutations (Fig 3.2E).

445 with other amino acid residues in the deletion mutant PCSK9!443

Replacement of Pro
dramatically reduced its secretion (Fig 3.3D), indicating the requirement of this specific amino
acid residue. However, mutation of Pro* in the full-length PCSK9 to either alanine or
phenylalanine had no significant effect on PCSKO9 secretion (Fig 3.3H). It is possible that loss
of the contribution of proline at position 445 might be compensated by other residues in the C-

445 resides inside a pocket that is surrounded by

terminus such as Pro*. Interestingly, Pro
Leu®*, Pro'®, Ala*?, Met’*8, Ala*'?, efc. (Fig 3.7B) (83,105,109). This residue might play an
important role in maintaining the integrity of the structure. It would be of interest to see if this
pocket is involved binding of cofactors that contribute to PCSK9 secretion and/or PCSK9-
promoted LDLR degradation.

Various naturally occurred mutations have been identified in the C-terminal PCSKO,
many of them have not been fully characterized. We selected 10 mutants that were located in
either the hinge region or CMI1 from two databases, the Exome Aggregation Consortium
(ExAC) and ClinVar. We found that mutations S462P S465L, E482G, R495Q, and A522T
significantly reduced PCSK9 secretion , whereas mutations E498K, R496W, D480N, R496W,
R499H had no significant effect (Fig 3.4). Consistently, S462P and S465L have been reported
to impair PCSK9 secretion (124,152). The clinical significance of the variant R495Q is
uncertain. S462P and AS522T are associated with hypocholesterolemia (152,153), whereas
S465L and E482G have been reported to be associated with hypercholesterolemia (110,154).

It has been reported that mutations D129G and A168E impair PCSK9 secretion but enhance

the ability of PCSK9 to induce LDLR degradation intracellularly, thereby causing
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hypercholesterolemia (155). It will be of interest to determine if mutations S465L and E482G
enhance PCSK9-promoted LDLR degradation via the intracellular pathway. Nonetheless,
these findings reveal the complex mechanism by which PCSK9 regulates plasma LDL-C and
may provide one possible explanation for the weak correlation between plasma levels of
PCSK9 and LDL-C levels. For instance, Lakoski et al. reported that circulating PCSK9
concentrations only predicted less than 8% of the variation in plasma LDL-C levels (156).

Secretion of soluble proteins can be regulated by a default bulk flow pathway (157)
and/or the cargo receptor-facilitated ER-to-Golgi transport in mammalian cells (158-161). It
has been reported that a cargo receptor, surfeit 4 (Surf4), facilitated the secretion of PCSK9
overexpressed in 293T cells (89). Conversely, we observed that Surf4 played a negligible role
in secretion of endogenous PCSK9 from cultured human hepatocytes (90). Similarly,
conflicting data have been reported about the role of sortilin in PCSK9 secretion. Gustafsen et
al. reported that sortilin interacted with PCSK9 in the trans-Golgi network and then facilitated
its secretion (92). Conversely, studies from Butkinaree et al. showed that knockdown of
sortilin in cultured cells or knockout of sortilin in mice had no detectable effect on PCSK9
secretion (94). Together, these findings reveal the complexity and heterogeneity of PCSK9
secretion in different types of cells.

Most recently, it has been reported that knockout of SEC24A and reduction of SEC24B
expression but not SEC24D in mice decreased PCSK9 secretion (88). Consistently, we found
that knockdown of SEC24A and SEC24B but not SEC24D impaired PCSK9 secretion in
cultured human hepatocytes. Chen et al. also found that, unlike SEC24A and SEC24B,
overexpression of SEC24C together with SEC23A did not enhance secretion of PCSK9
expressed in 293T cells (88). However, we observed that knockdown of SEC24C in Huh7

cells significantly reduced PCSK9 secretion. This discrepancy could be caused by that 1)
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different cell lines were used. We investigated endogenous PCSK9 secretion from a human
hepatoma-derived cell line, while Chen et al. overexpressed PCSK9 in 293T cells, in which
endogenous PCSKO9 is undetectable; and 2) we knocked down SEC24C expression, whereas
Chen et al. overexpressed SEC24C paired with SEC23A in 293T cells (88). Further,
considering the substrate specificity of SEC24 isoforms, it is possible that different SEC24
isoforms contribute to PCSK9 secretion in different cell types. Nevertheless, these findings
demonstrate that SEC24 plays an important role in facilitating the ER-to-Golgi transport of
PCSKO. The detailed molecular mechanism by which PCSK9 exits from the ER, however, has
yet to be determined. Interestingly, we found that knockdown of SEC24A, SEC24B, or
SEC24C did not affect the secretion of mutant PCSK9!446, PCSK9!-#4¢ dramatically reduced
PCSK9 secretion but a decent amount of secreted protein could be detected in cell culture
medium (Fig 3.1D). This raises some possibilities, 1) PCSK9!“46 utilizes a completely
different machinery system for its secretion, or 2) SEC24s are required for efficient secretion
of PCSK9, but the basal level secretion of PCSK9 is regulated differently. Mutant PCSK9!-44¢
lost SEC24s-facitlited secretion but still remained the basal level secretion. Experiments are
undergoing in the lab to define these possibilities.

In summary, we demonstrated the important role of the hinge region of PCSK9 in its
secretion and processing. We also found that both loss-of-function mutations (S462P and
AS522T) and gain-of-function mutations (S465L and E482G) could impair PCSK9 secretion.
Further, we identified that SEC24A, B, and C but not SEC24D facilitated PCSK9 secretion in
cultured human hepatocytes. Together, these findings would shed light on our understanding

of PCSKO.
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Figure 3.7 Crystal structure of PCSK9 (PDB code: 2P4E) in cartoon (A) and space fill

(B) (105).
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Abstract

Proprotein convertase subtilisin/kexin type 9 (PCSK9) promotes LDL receptor
(LDLR) degradation, increasing plasma levels of LDL cholesterol (LDL-C) and the risk of
cardiovascular disease. We have previously shown that, in addition to the epidermal growth
factor precursor homology repeat-A of LDLR, at least three ligand-binding repeats (LRs) of
LDLR are required for PCSK9-promoted LDLR degradation. However, how exactly the LRs
contribute to PCSK9’s action on the receptor is not completely understood. Here, we found
that substitution of Asp at position 172 in the linker between the LR4 and the LRS of full-
length LDLR with Asn (D172N) reduced PCSK9 binding at pH 7.4 (mimic cell surface) but
not at pH 6.0 (mimic endosomal environment). On the other hand, mutation of Asp at position
203 in the LRS of full-length LDLR to Asn (D203N) significantly reduced PCSK9 binding at
both pH 7.4 and pH 6.0. D203N also significantly reduced the ability of LDLR to mediate
cellular LDL uptake while D172N had no detectable effect. These findings indicate that amino

acid residues in the LRs of LDLR play an important role in PCSK9 binding to the receptor.

Keywords: LDLR, ligand binding repeats, PCSK9, LDL binding, site-directed mutagenesis.
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4.1 Introduction

Plasma levels of cholesterol, especially LDL-C, are positively correlated with the risk
of atherosclerosis (162,163). The LDLR-mediated LDL uptake plays an essential role in the
clearance of plasma LDL-C (164). Upon LDL binding to the N-terminal ligand-binding
repeats (LRs) of LDLR, the receptor and LDL complex is internalized via clathrin-coated pits
and delivered to endosomes, where LDL is released from the receptor and delivered to
lysosomes for degradation, LDLR is then recycled to the cell surface (17,163,165). Mutations
in LDLR cause familial hypercholesterolemia (FH) and increase the risk for atherosclerotic
coronary heart disease (163,164). Ldlr’”- mice display higher plasma levels of cholesterol,
especially LDL-C, than wild-type (WT) littermates and develop atherosclerosis when fed a
high cholesterol diet (166).

PCSKD9 is a 692-amino acid secreted glycoprotein that consists of a 30 amino acid
signal sequence followed by a prodomain (PRO), a catalytic domain (CAT), and a C-terminal
domain (CTD). Expression of PCSK9 is high in the liver, intestine, kidney, and brain
(143,144). PCSK9 binds to LDLR and redirects the receptor for lysosomal degradation
(23,45,56,97,113,127,144), playing a central role in regulating plasma LDL-C. GOF mutations
in PCSK9 lead to elevated plasma LDL-C levels and accelerated atherosclerosis and
premature coronary heart disease (42). Conversely, LOF PCSK9 mutations lead to reduced
plasma LDL-C levels and protection from coronary heart disease (51). Increased plasma levels
of PCSK9 in mice preferentially promote LDLR degradation in the liver but not in other
tissues (145). We and others have shown that PCSK9 interacts with the epidermal growth
factor precursor homology repeat-A (EGF-A) of LDLR at the cell surface and binds to the
receptor with a much higher affinity at the acidic environment of the endosome (23,139,140).

Consequently, the receptor is redirected from the endosome to the lysosome for degradation,
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rather than being recycled (23). The X-ray crystallographic structure of PCSK9 with the
partial extracellular domain of LDLR at a neutral pH value shows that the EGF-A and YWTD
repeats of LDLR interact with the catalytic domain and the prodomain of PCSKO9, respectively
(142). However, LR1 to LR6 of LDLR are absence in the structure. We have demonstrated
that in addition to the EGF-A and YWTD repeats, a minimum of three ligand-binding repeats
in LDLR are essential for efficient LDLR degradation induced by PCSK9 (97,127). Several
biochemical studies indicate that the negatively charged ligand binding repeats of LDLR may
interact with the positively charged CTD of PCSK9 at the cell surface and/or in the acidic
endosomal environment to enhance PCSK9 binding (104,112,141). To further investigate the
role of the LRs of LDLR in PCSK9-promoted LDLR degradation, we replaced negatively
charged residues in the LRs of LDLR and assessed the effects of these mutations on PCSK9
binding. The numbers that indicated the positions of amino acid residues in LDLR in this
study were counted from the N-terminus of the receptor without the 21 amino acid signal
sequence. We found that Asp172 in the linker and Asp203 in the LR5 of LDLR played a role

in PCSKO9 binding.

70



4.2 Results

4.2.1 Effect of mutations in LDLR-ALR4-LR7 on PCSK9 binding

The C-terminal domain of PCSK9 is positively charged and the LRs of LDLR are
negatively charged. Given the role of the LRs in PCSK9-promoted LDLR degradation
(97,104,112,141), we assessed if negatively charged residues in the LRs of LDLR affected
PCSK?9 binding. To simplify the initial screening, we used a mutant LDLR (LDLR-ALR4-
LR7), in which LRs 4 to 7 were deleted, since we have previously demonstrated that at least
three LRs were required for PCSK9-promoted LDLR degradation (97). We first replaced all
negatively charged residues Asp and Glu in the LR1 of LDLR-ALR4-LR7 with uncharged
Asn and Gln individually or in combination (Fig 4.1A). The WT and mutant receptors were
transiently expressed in HEK293 cells. The cells were then prechilled on ice for 30 min to
inhibit LDLR endocytosis and then incubated with or without PCSK9 on ice in a pH 7.4 buffer
to mimic PCSK9 binding to LDLR at the cell surface. As shown in Figure 4.1B and
Supplementary Figure 4.1A, the expression levels of the WT and mutant LDLR-ALR4-LR7
were comparable in the presence and absence of PCSKO, indicating that PCSK9 did not
promote LDLR degradation at this condition. After normalization to the levels of the mature
form of LDLR, mutation of Asp at position 4 to Asn (D4N) significantly reduced PCSK9
binding to LDLR-ALR4-LR7 at pH 7.4 (Fig 4.1B, lane 6 vs 4), while substitution of Asp at
other positions with Asn and replacement of Glu residues in the LR1 with GIn had no
detectable effect on PCSK9 binding to the receptor (Fig 4.1B and Fig S4.1A).

Next, we performed the PCSK9 binding assay on ice in a pH 6.0 buffer to mimic
PCSK9 binding at the acidic endosome as described in previous studies (104). We observed

that only mutation D4N significantly reduced PCSK9 binding to the receptor in the acidic
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environment, while other mutations had no effect (Fig 4.1C, lane 3 vs 2 and Fig. S4.1B). We
also mutated Asp4 to a similarly charged Glu (D4E) and examined PCSK9 binding to the
receptor at pH 7.4. As shown in Figure 4.1D, D4E mutation, unlike D4N, had no detectable
effect on PCSK9 binding to LDLR-ALR4-LR7 (lane 8 vs 4). Together, these findings indicate
that a negative charge at position 4 of the LR1 in LDLR-ALR4-LR7 plays an important role in
PCSKO9 binding. We then replaced Asp at position 4 in the LR1 of the full-length LDLR with
Asn to assess its role in PCSK9 binding. We observed that binding of PCSK9 to the WT and
D4N mutant full-length LDLR at pH 7.4 was comparable (Fig 4.1D, lane 12 vs 10), indicating

a negligible role of Asp at position 4 of the full-length LDLR in PCSK9 binding.
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Figure 4.1 Binding of PCSK9 to the WT and mutated LDLR-ALR4-LR7. 4. A
schematic of the full-length LDLR and LDLR-ALR4-LR7 with an enlarged view of the LR1.
Negatively charged amino acid residues in the LR1 were shown in Bold. TM, transmembrane
domain. C-tail, C-terminal cytoplasmic tail. B, C, and D. Binding of PCSK9 to the WT and
mutant LDLR-ALR4-LR7 at pH 7.4 (B) and pH 6.0 (C), or to the WT and mutant LDLR-

ALR4-LR7 and full-length LDLR at pH 7.4 (D). HEK293 cells transiently expressing the WT
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or mutant LDLR-ALR4-LR7 or full-length LDLR were incubated with PCSK9 (2 pg/well) at
pH 7.4 (B and D) or pH 6.0 (C). Same amount of whole cell lysate was subjected to
immunoblotting. The membrane was cut into halves. The top part was blotted with a
monoclonal anti-LDLR antibody and a polyclonal anti-calnexin antibody. The bottom part was
bloted with a monoclonal anti-PCSK9 antibody 15A6. The top bar charts in panels B and C
were a percentage of the relative densitometry PCSK9 binding signal. It was the percentage of
relative densitometry of PCSK9 binding to mutant LDLR to that of PCSK9 binding to the WT
LDLR that was defined as 100%. The relative densitometry of PCSK9 binding to LDLR was
the ratio of the densitometry of PCSK9 to that of the mature form of LDLR. Values were
mean = S.D. of three or more experiments. The bottom figures were representative ones of
protein levels. Top bands of LDLR were the mature and fully glycosylated forms (m). Bottom
bands of LDLR were the precursor forms (p). V: cells were transfected with the empty vector,
pCDNA3.1. Similar results were obtained from at least three experiments. *, p<0.05. **,

p<0.01.
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4.2.2 Effect of mutations in the full-length LDLR on PCSKY9 binding

Given that PCSK9 mainly binds to EGF-A of LDLR (23,139,142), it was possible that
the relative distance of negatively charged residues in the LRs to the EGF-A affected their
contributions to PCSK9 binding. The LR1 in LDLR-ALR4-LR7 corresponds to the LRS in the
full-length receptor (Fig 4.2A). Considering the high flexibility of the linker region between
the LR4 and the LR5 (167), we replaced all negatively charged residues in the LR4, the 12-
residue linker, and the LRS of the full-length LDLR with non-charged Asn and GIn
individually or in combination to examine their involvement in PCSK9 binding (Fig 4.2A).
We observed that, when compared to the WT LDLR, replacement of Asp at position 203 in
the LRS to Asn (D203N) reduced PCSK9 binding at pH 7.4 by approximately 50% (Fig 4.2B,
lane 8), and mutation of Asp at position 172 in the linker to Asn (D172N) also significantly
reduced PCSKO9 binding at pH 7.4 (Fig 4.2C, lane 3). Substitution of other negatively charged
residues Asp and Glu in the LR4 and the LR5 with Asn and Gln, however, had no significant
effect (Fig 4.2B and 4.2C). Mutation D196N had a tend to reduce PCSK9 binding but the
reduction did not reach to statistical significance (Fig 4.2B). We did not study individual
amino acid residues in the combination mutations shown in Figures 4.2B and 4.2C due to the
lack of effect of these multiple mutations on PCSK9 binding. Next, we examined if mutations
D172N and D203N affected PCSK9 binding in the acidic endosomal environment. As shown
in Figure 4.2D, D203N markedly reduced PCSK9 binding at pH 6.0 (lane 3 vs 2), while
D172N had no effect (lane 6 vs 5). Taken together, these findings indicate that Asp172 and

Asp203 play a role in PCSK9 binding to the full-length LDLR.
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We then investigated the potential role of the C-terminal PCSK9 in its binding to
LDLR. We made mutant PCSK9!47 that lacked the whole C-terminus of PCSK9 and mutant
PCSK9'#4 in which the three C-terminal modules (amino acid residues 455 to 692) were
deleted (Fig 4.3A). The mutant proteins were transiently expressed in HEK293 cells and could
undergo self-cleavage to produce the mature form (Fig 4.3B, lanes 4 and 3). Culture medium
was collected, concentrated, and applied to immunoblotting. Very limited amount of PCSK9!-
447 (data not shown) nor PCSK9!#** (Fig 4.3C, lane 1) could be detected in medium, indicating
impaired secretion of the two mutant proteins. We then made another mutant PCSK9!-52° that
lacked the C-terminal modules 2 and 3 (amino acid residues 530 to 692) (Fig 4.3A). PCSK9!-
529 was processed in HEK293 cells (Fig 4.3B, lane 5) and its mature form could be detected in
the concentrated culture medium (Fig 4.3C, lane 2). We then applied same amount of
concentrated medium containing PCSK9!2° to HEK293 cells expressing the WT or mutant
LDLR. As shown in Figures 4.3D and 4.3E, both D172N and D203N significantly reduced
binding of PCSK9!-% to the receptor (lanes 3 and 4 vs 2). This finding suggests that amino
acid residues 530 to 692 in the C-terminal PCSK9 are not required for the inhibitory effect of

D172N and D203N on PCSK9 binding.
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Figure 4.3 Binding of mutant PCSK9 to the WT and mutant LDLR. 4. A
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amino acid residues 608-692) (125). B and C. Expression of the WT and mutant PCSK9 in
HEK?293 cells (B) and culture medium (C). HEK293 cells transiently expressing the WT or
mutant PCSK9 as indicated were collected for the preparation of whole cell lysate. Culture
medium was collected from one 150-mm dish of HEK293 cells transiently transfected with
mutant PCSK9!"4* or PCSK9!2° and then concentrated using a 3-kDa cut-off centrifugal
concentrator (Millipore). Same amount of total proteins of whole cell lysate (B) or same
amount of concentrated medium (C) were subjected to immunoblotting using a monoclonal
anti-PCSK9 antibody 13D3 that recognizes the catalytical domain of PCSKO9. #, non-specific
bands. *, mature form of PCSK9!-%, D. Binding of PCSK9!-% to the WT and mutant LDLR.
The experiments were performed as described in the legend to Figure 1. Briefly, HEK293 cells

transiently expressing the wild-type or mutant LDLR were incubated with same amount of
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concentrated medium containing PCSK9!'-*?° on ice at a pH7.4 value for 4 h. LDLR and
PCSK9 were detected by HL-1, and 13D3, respectively. Transferrin receptor (TFR) was
detected by its specific monoclonal antibody. m, cleaved mature form of PCSK9 (black
arrows). p, the precursor form of PCSK9 (grey arrows). V: cells were transfected with the
empty vector, pCDNA3.1. E. Quantified PCSK9 binding data. The relative densitometry of
PCSK9 was the ratio of the densitometry of PCSK9 to that of the mature form of LDLR.

Values were mean + S.D. of three experiments. **, p<(0.01.
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We also examined if mutations D172N and D203N affected PCSK9-promoted LDLR
degradation. HEK293 cells expressing the WT or mutant LDLR were incubated with PCSK9
at 37 °C for 12 h. We observed that PCSK9 efficiently promoted degradation of the WT and
two mutant LDLR at a concentration of 8 pg/ml (Fig. 4.4A, lane 4 vs 3, 6 vs 5, and 8 vs 7)
even though D203N and D172N-expressing cells displayed less PCSK9 in whole cell lysate
compared the WT LDLR expressing cells. On the other hand, PCSK9 at a concentration of 6
pg/ml could efficiently promote degradation of the WT (lane 4 vs 3) and mutant D172N
LDLR (lane 8 vs 7) but failed to stimulate D203N degradation (lane 6 vs 5). However, neither
the WT receptor nor the two mutant LDLR could be efficiently degraded by addition of
PCSK9 at a concentration of 4 pug/ml (Fig 4.4C). These findings suggest that PCSKO9-

promoted degradation of D203N is less effective than its action on the WT LDLR.
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Figure 4.4 PCSK9-promoted LDLR degradation. HEK293 cells transiently
expressing the WT or mutant LDLR were incubated with DMEM in the presence or absence
of different amount of PCSK9 as indicated at 37 °C for 12 h. After washing, whole cell lysate
was prepared, and same amount of total proteins was subjected to immunoblotting using 15A6
(PCSK9), HL-1 (LDLR), and a monoclonal anti-transferrin receptor (TFR). Similar results

were obtained from at least one more experiment.
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4.2.3 Effects of D172N and D203N on LDL binding and LDLR trafficking
LDLR directly binds to LDL and mediates cellular LDL uptake. Thus, we investigated
if the two mutations that impaired PCSK9 bindings affected the ability of the receptor to bind
LDL using Dil-LDL as described (130). We found that the levels of D203N and D172N in
Hepalclc7 cells were comparable to that of the WT receptor (Fig 4.5A and 4.5B), but D203N
significantly reduced LDL binding (Fig 4.5C), while D172N showed a similar LDL binding

capacity as the WT LDLR (Fig 4.5D).
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Figure 4.5 Binding of LDL to the wild-type and mutant LDLR. 4 and B.
Expression of the WT and mutant LDLR in Hepalclc7 cells. Briefly, same amount of total
proteins isolated from Hepalclc7 cells transiently expressing the WT or mutant LDLR was
subjected to immunoblotting using a monoclonal anti-LDLR antibody, HL-1, and a
monoclonal anti-actin antibody. The relative densitometry of LDLR was the ratio of the
densitometry of LDLR to that of actin. Values were mean + S.D. of three experiments. C and

D. LDL uptake. Briefly, Hepalclc7 cells transiently expressing the WT or mutant LDLR were
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incubated with Dil-LDL in the presence or absence of LDL. After washing, the fluorescence
signal was measured. The relative fluorescence units (RFU) were normalized to total proteins
(ng). The amount of specific LDL uptake was the difference between the total counts
measured in the absence of unlabeled LDL and the counts measured in the presence of an

excess of unlabeled LDL (non-specific background fluorescence).
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Binding of PCSK9 and LDL to the receptor mainly occurs at the cell surface. To
determine if the effect of D172N and D203N on PCSK9 binding might be attributable in part
to changes in trafficking of LDLR, we labeled cells with biotin and precipitated biotinylated
surface proteins from whole cell lysate using Neutravidin agarose. As shown in Figures 4.6A
and 4.6B, the ratio of the cell surface levels of the two mutants, D172N and D203N, to their
levels in whole cell lysate was comparable to that of the WT LDLR, indicating that the two
mutants could be transported to plasma membrane. To further confirm these findings, we
monitored the localization of the mutant as well as the WT LDLR in HEK293 cells by
confocal microscopy. LDLR was shown as red. The plasma membrane marker, Na*/K*-
ATPase, was shown as green. Endogenous levels of LDLR in HEK293 were very low. Thus,
LDLR signal was undetectable in non-transfected cells (Fig 4.6C, arrow in up panel-merged).
We found that a majority of the WT LDLR could be detected on the cell periphery (Top
panel), which was co-localized with Na*/K*-ATPase that was shown as yellow in the merged
panel (Top panel-right). D172N (Middle panel) and D203N (Bottom panel) were also
colocalized with Na*/K*-ATPase, indicating that the two mutant LDLR could be transported

to plasma membrane in HEK293 cells.
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Figure 4.6 Cellular localization of the WT and mutant LDLR. A4. Biotinylation of
cell surface proteins. HEK293 cells transiently expressing the WT or mutant LDLR were
incubated with Sulfo-(LC)-NHS-biotin.
subjected to Neutravidin agarose to pull down biotinylated cell surface proteins. LDLR was
detected by HL-1. Calnexin (Cal) and transferrin receptor (TFR) were detected by their
specific antibodies. V: cells were transfected with the empty vector, pPCDNA3.1. B. Confocal
microscopy. HEK293 cells transiently expressing the WT or mutant LDLR were fixed,
permeabilized, and then incubated with a monoclonal anti-LDLR antibody and a polyclonal

anti-Na"-K*-ATPase antibody. Antibody binding was visualized with Alexa 568-conjugated

DAPI
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The whole cell lysate was then prepared and



goat anti-mouse IgG (Red) and Alexa 488-conjugated goat anti-rabbit IgG (Green). Nuclei
were visualized with DAPI and shown as blue. An x-y optical section of the cells illustrates
the distribution of the wild-type and mutant proteins between plasma and intracellular

membranes (magnification: 100X).
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4.2.4 Effect of mutations of Asp172 and Asp203 on PCSK9 binding

Next, we investigated how specific the requirements were for Asp at positions 172 and
203 of LDLR for its ability to bind PCSK9 at pH 7.4. First, we replaced Asp172 and Asp203
with Glu (D172E and D203E) to determine whether another acidic residue could be
substituted for Asp. Aspl172 was also mutated to Ala, Lys, Thr, and Val. Asp203 was replaced
with Gly, Ala, Val, and GIn. The WT and mutant LDLR were transiently expressed in
HEK293 cells, and the PCSK9 binding assay was performed at pH 7.4. After normalization
for differences in the levels of the mature form of LDLR, we found that mutation of Asp172 to
another negatively charged residue Glu or other residues (Ala, Lys, Thr, or Val) all
significantly reduced the ability of LDLR to bind PCSK9 (Fig 4.7A and 4.7B). All mutations
at position 203 we tested including D203E also significantly decreased PCSK9 binding (Fig
4.7C). Thus, it appears that an Asp residue at positions 172 and 203 is specifically required for

efficient PCSK9 binding.
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Figure 4.7 Binding of PCSKO9 to the wild-type and mutant LDLR. The experiments
were performed as described in the legend to Figure 4.1. Briefly, HEK293 cells transiently
expressing the WT or mutant LDLR were incubated with PCSK9 (2 pg/well) at pH 7.4 for 2 h
on ice. LDLR and PCSK9 were detected by HL-1 and 15A6, respectively. Actin was detected
by a monoclonal antibody. The bottom figure was a representative one of protein levels. The
top bar chart was a percentage of the relative densitometry of PCSK9 to that of the mature
form of LDLR. It was calculated as described in the legend to Figure 4.3E. V: cells were

transfected with the empty vector, pCDNA3.1. Values were mean = S.D. of three or more

experiments. *, p<0.05. **, p<0.01. *

% <0.005.
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We noticed that mutation D203N slightly increased the molecular mass of LDLR
compared to that of the WT receptor (Fig 4.2B, lane 8; Fig 4.2D, lane 3; and Fig 4.6B, lanes 3
and 6). Considering that D203N introduces a novel canonical N-glycosylation motif (Asn-X-
Ser) to the receptor (Fig. S4.2A), we investigated if the mutation conferred an extra N-glycan
to LDLR. Whole cell lysate isolated from the WT and mutant LDLR-expressing cells was
treated with PNGase F that cleaves oligosaccharides from the side chain amide of Asn. LDLR
contains two N-linked oligosaccharides (168). Indeed, PNGase F treatment reduced the
molecular mass of the WT LDLR, indicating that the enzyme efficiently removed N-linked
glycans from the receptor (Fig. S4.2B, lane 5 vs 2). The size of mutant D203N was also
reduced (lane 6 vs 3) and comparable to that of the WT LDLR when treated with PNGase F
(lane 6 vs 5), indicating that PNGase F eliminated the increase in the molecular mass of
mutation D203N. Next, we treated cells with tunicamycin that specifically inhibits N-linked
glycosylation. LDLR contains only two N-glycosylation sites and is mainly O-glycosylated at
the side chains of Ser and Thr residues (168). Consistent with previous reports (169),
tunicamycin slightly reduced the molecular mass of the mature and precursor forms of the WT
LDLR (Fig. S4.2C, lane 4 vs 3) since protein glycosylation starts in the ER and is matured in
the Golgi. The molecular mass of the precursor of mutant D203N was also reduced by
inhibition of N-linked glycosylation and displaced a similar size as that of the precursor of the
WT LDLR (lane 6 vs 4). However, tunicamycin essentially eliminated the mature form of
D203N without detectable effect on that of the WT receptor (Fig. S4.2B, lane 6 vs 4). The
amount of the mature form of D203G and D203V was also reduced by tunicamycin but to a
lesser extent than that of D203N. These findings indicate that mutation D203N might

introduce an extra-N-glycan to LDLR.
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4.3 Discussion

In the current study, we demonstrated the important role of negatively charged amino
acids in the LRs of LDLR in PCSK9 binding. We showed that elimination of the negative
charge on Asp at position 4 in the LRI of mutant LDLR-ALR4-LR7 significantly reduced
PCSK9 binding, while replacement of Asp4 in the full-length LDLR with Asn had no
detectable effect. On the other hand, mutations D172N in the linker between the LR4 and the
LRS5 and D203N in the LRS of the full-length LDLR significantly reduced PCSK9 binding to
the receptor at pH 7.4. Further, D203N but not D172N reduced PCSK9 binding at pH 6.0 and
LDLR-mediated LDL uptake. Together, these findings indicate that Asp residues at specific
positions in the LRs regulate binding of PCSK9 to LDLR.

It has been reported that the side chain of Asp203 forms hydrogen bonds with the
backbone amide of the LR5 (170), thereby playing an important in maintaining the structural
stability. Indeed, mutations on Asp203 including D203N, D203G, D203A, and D203V have
been identified in FH patients (171-173). However, we did observe the mature form and cell
surface expression of D203N, indicating that the mutant LDLR could be delivered to plasma
membrane. When normalized to the mature form of LDLR, D203N significantly reduced
binding of PCSK9 and LDL to the receptor and PCSK9-promoted LDLR degradation. It is of
note that patients carrying D203N display FH. Thus, the effect of D203N on LDL binding
must be dominant over its effect on PCSK9 binding. In addition, mutations D203N, D154N
and D172N all introduced a novel N-glycosylation site to the receptor (Fig. S4.2A). D203N
and double mutation E153QD154N but not D172N seemed to cause a minor electrophoretic
mobility shift on SDS-PAGE (Fig 4.2B and 4.2C). However, E153QD154N, unlike D172N
and D203N, had no detectable effect on PCSK9 binding. In addition, we found that PNGase-F

reduced the gel shift caused by D203N while tunicamycin treatment essentially eliminated the
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mature form of D203N but had much less effect on trafficking of other D203 mutations. It
would be of interest to investigate if and how these mutations affect N-glycosylation of LDLR
and the related functional consequences.

Aspl72 resides in the highly flexible C-terminal half of the linker between the LR4
and the LRS (167). No FH mutation has been reported at this position except for a frameshift
mutation that deletes three amino acid residues (172 to 174) and causes a premature stop
(174). We found that mutation D172N showed a similar distribution pattern as the WT
receptor in the Western blot and confocal microscopy. Further, mutation D172N had no
detectable effect on LDL binding at pH 7.4 and PCSK9 binding at pH 6.0. These strongly
suggest that D172N did not cause a major perturbation of the structure of the protein.
However, we cannot exclude the possibility that D172N may result in a subtle structural
change in LDLR.

PCSK9 mainly binds to the EGF-A domain of LDLR. How did mutations D172N and
D203N in the ligand binding regions impair PCSK9 binding to the receptor? The
crystallography structure of PCSK9 with the complete extracellular domain of LDLR at an
acidic or neutral value is currently unavailable. Thus, how exactly D172N and D203N affect
PCSKO binding, especially at a neutral pH (cell surface), is unclear. We previously found that
at least three ligand binding repeats were required for PCSK9-promoted LDLR degradation
(97). Tyeten et al. also reported that binding of PCSK9 to mutant LDLR without the LRs was
significantly lower at a neutral or acidic pH value than its binding to the full-length receptor
(104). Yamamoto et al. further demonstrated that the LRs of LDLR bound to C-terminal
PCSK9 at a pH-dependent manner with much stronger binding in the acidic endosomal
environment (141). In addition, studies from Holla et al. indicated that the positively charged

C-terminal PCSK9 might interact with the negatively charged LRs of LDLR (112). Similarly,
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Cunningham et al. employed the Surface Plasmon Resonance (SPR) assay and revealed that
C-terminal PCSK9 purified from Chinese Hamster Ovary (CHO) cells was important for
PCSKO9 binding to LDLR (105). These findings indicate that the negatively charged LRs of
LDLR may interact with the positively charged C-terminal PCSKO9. In this situation, D203N
might affect the structural stability of the LRS of LDLR and consequently impair PCSK9
binding. On the other hand, Asp172 that only affected PCSK9 binding at the neutral pH might
involve the interaction with PCSK9. Further mutational analysis studies revealed that
replacement of Asp at position 172 or 203 with other residues tested including the negatively
charged Glu all significantly reduced PCSK9 binding, indicating a specific requirement of Asp
at these two positions. It is possible that both the negative charge and the length of the side
chain of amino acid residues at positions 172 and 203 are important for PCSK9 binding. In
addition, we found that both D203N and D172N significantly reduced binding of PCSK9!->%
to the receptor. This suggests that positively charged residues located between amino acid 529
and 692 in the C-terminal PCSK9 are not required for the effect of D203N and D172N on
PCSKO9 binding. Removal of the complete three C-terminal modules (amino acid residues 454-
692), however, dramatically impaired PCSK9 secretion. Studies are ongoing in the lab to
define the potential impact of amino acid residues 454-529 in PCSK9 on its binding to LDLR.
Findings discussed above were based on results obtained from cultured cell-based
binding assays and PCSK9 purified from mammalian cells. On the other hand, two other
groups, Bottomley et al. (140) and Surdo et al. (142) reported that the full-length and C-
terminal deletion PCSK9 purified from E. coli bound to LDLR with a similar binding
capacity. Surdo et al. proposed that the entire ligand binding repeats of LDLR did not directly
associate with PCSK9 at a neutral pH value (142). Based on this model, the two Asp residues

we identified would not directly interact with PCSK9 at pH 7.4. Given the flexibility of the
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loops between the LRs (17,142,167), it is possible that the structural alteration in the LRS5
caused by D203N may affect the structural stability of the LR7 via a possible intermodule
crosstalk between different LRs as reported by Guttman et al. (167). This may eventually
impair the integrity of the EGF-A due to the presence of the rigid structure between the LR7
and the EGF-A (175) and consequently interfere PCSK9 binding to the receptor. However,
this cannot explain why mutation D172N impaired PCSK9 binding only at pH 7.4. In addition,
mutations of other negatively charged residues in the LR4 and the LRS including FH
mutations D147N, D151N, D154N, and D157N that are believed to cause damaging effects on
LDLR structure (176) and mutations of Asp at positions 196, 200, and 206, and Glu at
position 207 that disrupt the calcium binding pocket of LRS5 and its structure integrity
(170,177) had no detectable effect on PCSK9 binding. Thus, how exactly D172N and D203N
affect PCSK9 binding is unclear.

We noticed that, in the Bottomley study, the apparent 1Cso value for mutant PCSK9
without the C-terminus to suppress the PCSK9-LDLR interaction was approximately 110 nM,
while it was 80 nM for the full-length PCSK9 (140). Similarly, the binding affinity of the
extracellular domain of LDLR without LR1-LR6 for PCSK9 was slightly lower than that of
the complete extracellular domain of LDLR at pH7.4 (Kd=880 nM vs 750 nM) (142). We also
observed that mutations D172N and D203N only mildly reduced PCSK9 binding. Together,
these findings indicate a non-critical role of LR1-LR6 of LDLR in PCSK9 binding. However,
it is also possible that the LRs, like the YWTD domain shown in the crystal structure (142),
may have a minor interaction with PCSK9. Alternatively, several PCSK9 potential binding
partners have been reported (113,178,179). It will be of interest to investigate if the LRs of
LDLR, especially D172 and D203, are involved in the interaction with these potential

partners.
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Supplemental Figure 4.1S. Binding of PCSK?9 to the wild-type and mutant LDLR-ALR4-
LR7 LDLR at pH 7.4 (A) or pH 6.0 (B). The experiments were performed as described in
the legend to Figure 1. LDLR and PCSK9 were detected by HL-1, and 15A6, respectively.
Calnexin was detected by a polyclonal antibody. Top bands of LDLR were the mature and
fully glycosylated forms (m). Bottom bands of LDLR were the precursor forms (p). Bottom
figures were representative ones of protein levels. V: cells were transfected with the empty
vector, pCDNA3.1. Data shown in top figures were quantified as described in the legend to
Figure 1B. The percentage of the relative densitometry of PCSK9 binding to the wild-type

LDLR was defined as 100%. Values were mean + S.D. of > 3 experiments.
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Supplemental Figure 4.2S. Effect of mutation D203N on LDLR expression. A.
Amino acid sequences showing the canonical N-glycosylation motif introduced by mutations
D203N, D154N, and D172N (underlined and bold). B. Deglycosylation of proteins in whole
cell lysate using PNGase-F. HEK293 cells transiently expressing the WT or mutant LDLR
(D203N) were collected for the preparation of whole cell lysate. Same amount of total proteins
was incubated with or without PNGaseF and then subjected to SDS-PAGE (5%) and
immunoblotting. C, Inhibition of N-glycosylation of proteins using tunicamycin. HEK293
cells transiently expressing the WT or mutant LDLR were incubated with tunicamycin (0.5
ug/ml) for 24 h. After, whole cell lysate was prepared, and equal amount of total proteins was
analyzed by immunoblotting. LDLR and actin were detected by HL-1 and a polyclonal anti-
actin antibody, respectively. Top bands of LDLR were the mature forms (m). Bottom bands of
LDLR were the precursor forms (p). V: cells were transfected with the empty vector,

pCDNA3.1. Similar results were obtained from at least two experiments.
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Investigating the role of prosaposin in the regulation of LDLR

and LDL cholesterol metabolism

Abstract

Familial hypercholesterolemia (FH), characterized by elevated levels of plasma LDL
cholesterol, is mainly caused by mutations in one of three genes, LDLR, its ligand apoB, and
PCSK9. Thus, increasing hepatic LDLR level is a promising therapeutic for lowering plasma
levels of LDL-C and the risk of cardiovascular disease (CVD). It has long been known that
LDLR can be targeted to lysosome for degradation by an intracellular pathway. However, the
underlying mechanism is unclear. Here we identified prosaposin (PSAP) as a novel regulator
of LDLR. We demonstrated that knockdown (KD) of PSAP in cultured hepatoma-derived
cells led to significantly elevated cell surface LDLR abundance and LDL uptake. Further,
knockdown of hepatic PSAP by AAV-shRNA increased LDLR levels in the liver and
decreased plasma LDL-C levels in the wild-type mice but not the Ldlr’- mice. Mechanistic
studies showed that the effect of KD PSAP on LDLR was independent of PCSK9. On the
other hand, data obtained from confocal microscopy and co-immunoprecipitation revealed a
direct interaction between PSAP and LDLR. Further studies are ongoing to address the
relevance and cellular mechanism by which PSAP induces LDLR degradation.

Keywords: LDLR degradation, PSAP, PCSK9, AAV, plasma LDL-C, Ldlr’~ mice
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5.1 Introduction

CVD is the leading cause of death worldwide. Reducing plasma levels of LDL-C
lowers the risk of CVD. LDL-C levels in the blood are mainly controlled by LDLR in the liver.
LDLR is transcriptionally regulated by sterol regulatory element-binding protein 2 (SREBP2)
and post-translationally regulated by PCSK9 and inducible degrader of the LDLR (IDOL).
PCSK9-promoted LDLR degradation requires the binding of PCSK9 to LDLR at the cell
surface and internalization of the receptor (95). GOF in the PCSKY gene lead to higher plasma
LDL-C levels and accelerate the development of CVDs (50,180,181). Conversely, PCSK9
LOF mutations lead to lower plasma LDL-C levels and protect against CVD (51,182).
Inhibition of PCSK9 shows an impressive LDL-lowering effect (up to 60%) and significantly
reduces CVD events (183-185). Most recently, anti-PCSK9 monoclonal antibodies have been
approved for the treatment of patients with FH. However, this therapy requires long-term
injections and a high dose of antibodies to achieve clinical efficacy, leading to extremely high
costs. Thus, there is an important and urgent need for novel therapeutic approaches to lower
LDL-C effectively and cost-efficiently.

The cell surface endocytosis of the PCSK9/LDLR complex initiates a dominant
degradation pathway that prevents the recycling of LDLR. Previous studies have demonstrated
that the catalytic domain (CAT) of PCSK9 interacts with the EGF-A domain of the LDLR on
the cell surface (96,97). The C-terminal domain (CTD) of PCSK9 does not directly interact
with LDLR, but it is required for LDLR degradation (97,104,108). The specific role of the
CTD in PCSK9-promoted LDLR degradation remains obscure. Piper et al. demonstrated that
the CTD of PCSK9 has a novel protein fold and may mediate protein-protein interactions
(83,109). Furthermore, natural mutations that occur within this domain result in either GOF

(H553R) or LOF mutations (Q554E), affecting its potency in mediating LDLR degradation
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(110). Incubation of purified mutant PCSK9 lacking the CTD (PCSK9ACTD) has showed no
detectable reduction of cell surface LDLR levels, even at a high concentration of 5 pg/ml,
which is 10 times higher than the physiological concentration (97,108). Interestingly,
PCSKO9ACTD can bind to LDLR at the cell surface and participate in endocytosis to the
endosomes (104,108,111,112). Therefore, the inability of PCSK9ACTD to enhance LDLR
degradation does not reside in its lack of LDLR binding or its internalization with LDLR,
suggesting that the CTD may carry structural requirements to achieve the critical later steps of
LDLR sorting and degradation within endosomes/lysosomes. Most recently, Poirier et al.
demonstrated that reconstitution of PCSK9ACTD with a foreign lysosomal targeting motif is
able to rescue its intracellular lysosomal targeting and induce LDLR degradation, emphasizing
a role for the CTD in sorting of the PCSK9/LDLR complex towards the late endocytic
compartments (111). Since both LDLR and PCSKO9 lack the lysosomal targeting motif, we
hypothesized that the CTD of PCSK9 might recruit other partner(s) to the PCSK9/LDLR
complex that can direct LDLR to the lysosome or block the binding of the cofactor(s) that is
required for LDLR recycling from endosomes to the cell surface.

To address these possibilities, we applied the Matchmaker Gold Yeast Two-Hybrid
System (Clontech) to probe for potential PCSK9 binding proteins. Briefly, the CTD of PCSK9
(amino acid 440-692) was used as the bait protein to screen for the binding partners (the prey)
from a human liver protein library. After two rounds of selections, we obtained several
positive clones. DNA sequencing results revealed that prosaposin (PSAP) was one of the
potential PCSK9 cofactors interacting with its CTD.

PSAP is the precursor of four glycosphingolipid activator proteins. It is composed of
527 amino acids, synthesized as a 53 kDa protein in the ER, and glycosylated into 65 kDa and

70 kDa forms in the Golgi (Figure S5.1). The 65 kDa PSAP is transported to the lysosomes by
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mannose-6-phosphate receptor (M6PR) or a sorting receptor, sortilin (186). In the lysosome,
PSAP is proteolytically cleaved to generate four mature saposins (saposin A, B, C, and D) by
cathepsin D and other possible proteases (187). Saposins are highly homologous molecules,
each with approximately 80 amino acids containing six cysteine residues and N-glycosylated
carbohydrate chains that are highly conserved. The 70 kDa form of PSAP, instead, is secreted
to the extracellular space and exists in various secretory body fluids such as plasma.

PSAP is a multifunctional protein that has various physiological roles (188,189). In the
lysosome, saposins act as a cofactor and facilitate lysosomal enzymes to degrade
glycosphingolipids (GSLs). Mice with global PSAP-deficiency have severe leukodystrophy
with aberrant GSL storage in the brain and visceral organs. Fujita et al. has created a
homozygous mouse model with a null allele PSAP (190). They found abnormally increased
levels of lactosylceramide, glucosylceramide, galactosylceramide, globotriaosylceramide,
ceramide and sulfatide in the brain, liver, and kidneys (191,192). Extracellular PSAP has been
reported to possess biological activities beyond the enzymatic actions exhibited in the
lysosome. For instance, some reports document a variety of neurotrophic activities of
extracellular PSAP through a receptor-mediated mechanism (193). Meyer et al. observed that
a 12-amino acid sequence within saposin C domain binds to G protein-coupled receptor
GPR37, which participates in neuroprotection (194). Moreover, progranulin is a secretory
glycoprotein that is recently implicated in several neurodegenerative diseases. Zhou et al.
found that PSAP associates with progranulin extracellularly and facilitated its lysosomal
trafficking via the low-density lipoprotein receptor-related protein 1 (LRP1) in fibroblasts
(195).

Currently, there is limited literature on the role of PSAP in cholesterol homeostasis.

Consistent with my findings, Ly et al. has identified PSAP as a potential PCSK9 interacting
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protein from the HepG2 cell medium using an unbiased mass spectrometry approach (196).
Moreover, Bartz et al. has demonstrated that knockdown of PSAP by RNAI altered cellular
cholesterol content in Hela cells, indicating a potential regulatory role for PSAP in cholesterol
homeostasis (197). However, the role of PSAP in the regulation of LDLR and cholesterol
metabolism remains unknown. In this study, we found that KD of PSAP in cultured hepatoma-
derived cells led to significantly elevated cell surface LDLR abundance and LDL uptake.
Further, KD of hepatic PSAP by AAV-shRNA increased LDLR levels in the liver and

decreased plasma LDL-C levels in the wild-type mice but not the Ldlr”" mice.
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5.2 Results

5.2.1 Knockdown of PSAP increased LDLR abundance in vitro

To determine whether reducing PSAP levels affected LDLR levels in vitro, we
transfected human hepatoma-derived HepG2 cells with siRNAs targeting PSAP. After 2 days
of transfection, the two PSAP siRNAs that targeted different regions in the PSAP mRNA
efficiently reduced the protein levels of PSAP and caused a significant increase in LDLR in
the lysate when compared with the control. More specifically, LDLR was increased over 2
folds in response to PSAP knockdown, whereas the levels of PCSK9 and B-actin were
comparable in cells transfected with scrambled or PSAP siRNA (Fig 5.1A and B). To confirm
this findings, we knocked down PSAP expression in another human hepatoma-derived cell
line (Huh7) and found that LDLR levels were significantly increased in PSAP siRNA-
transfected cells, whereas the levels of PCSK9 and [-actin were comparable in cells
transfected with scrambled or PSAP siRNA (Fig S5.2).

LDLR resides on plasma membrane, where it binds to and mediates LDL
internalization. Thus, cell surface proteins in Huh7 cells were labelled with biotin and then
pulled down from whole cell lysate with Neutravidin beads. As shown in Figure 5.1C, the
expression of PSAP in whole cell lysate was reduced by its siRNA. Conversely, LDLR levels
were increased in both whole cell lysate and in the cell surface fraction in PSAP-knockdown
cells. Transferrin receptor (TFR), a plasma membrane protein, but not PSAP, was not detected
in the cell surface fraction. Consistently, knockdown of PSAP significantly increased cellular
LDL uptake (Fig 5.1D). On the other hand, PSAP siRNA reduced mRNA levels of PSAP
without any effect on the mRNA levels of LDLR, SREBP2 and PCSKY (Fig 5.1E), suggesting

that the effect of PSAP knockdown on LDLR was not likely through the transcriptional
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regulation. Together, these findings demonstrated that KD of PSAP increased LDLR

expression and function in cultured hepatocytes.
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Figure 5.1 Effect of PSAP KD in cultured hepatoma-derived cells. 4 and B.
Knockdown of PSAP increased LDLR in HepG2. Two different PSAP-specific siRNAs were
used to knock down PSAP expression in HepG2 cells. After 48 h, whole cell lysate was

prepared, followed by immunoblotting to detect LDLR and PCSK9 using a monoclonal anti-
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LDLR (HL-1) and anti-PCSK9 (15A6) antibody, respectively. The figures in panel A showed
representative protein levels. The densitometry was determined using a Licor Odyssey
Infrared Imaging System. The relative densitometry was the ratio of the densitometry of
LDLR to that of actin at the same condition. C. Biotinylation of LDLR. Briefly, Huh7 cells
were seed in a 6-well plate and transfected with control or PSAP siRNA (KD) as described
above. After 48 h, cells were incubated with biotin in PBS (pH 8.0) for 20 mins at 4 °C with
gentle shaking. After washed with ice-cold PBS three times and quenched in glycine for 30
mins, whole cell lysate was prepared and applied to NeutrAvidin agarose to pull down biotin-
labelled cell surface proteins. Equal amount of whole-cell lysate (Inputs) and cell surface
proteins (Beads) that were eluted from NeutrAvidin Beads were applied to immunoblotting
using antibodies as described in the legend to panel A. D. Cellular Dil-LDL uptake. Briefly,
Huh7 cells were set up in a 96-well plate and transfected with control or one of the two
different PSAP siRNAs for 48 h, followed by incubation of Dil-LDL (10 pg/ml) in the
presence or absence of unlabeled LDL (600 pg/ml) for 2 h. After washing three times, the
cells were lysed, and the fluorescence signal was measured using a SYNERGY plate reader at
an excitation wavelength of 520 nm and an emission wavelength of 580 nm. Total cellular
proteins in each well were measured using the BCA protein assay kit. The relative
fluorescence units (RFU) were the fluorescence signal normalized to total proteins. E. Relative
changes of mRNA levels. Huh7 cells were transfected with control and PSAP siRNA (KD).
Total RNAs were isolated from cells using RNA isolation kits following the manufacturer’s
protocol (Qiagen). The cDNA was synthesized from same amount of total RNA (2 pg) using

High Capacity cDNA Reverse Transcription Kit. qRT-PCR was performed on a SteponePlus
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Real-Time PCR machine using SYBRGreen Master Mix, and relative mRNA levels were

normalized to the GAPDH.
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5.2.2 Knockdown of hepatic PSAP increased LDLR in vivo

Considering the effects of PSAP on LDLR expression in cultured cells and the critical
role of hepatic LDLR in cholesterol metabolism in vivo, 1 further sought to understand the
regulatory role of PSAP in cholesterol metabolism in mice. Given that PSAP-null mice die at
an early age, we decided to use adeno-associated virus carrying PSAP shRNA (AAV-PSAP
shRNA) to knock down PSAP expression in mouse liver. Equal amount of AAV-DJ/§-PSAP
shRNA or scrambled shRNA was injected to C57BL/6 mice (8-10 weeks of age, 5 x 10'°
gc/mouse, 6 mice/group). Mice were fed western-type diet and sacrificed 30 days after
transduction. Liver and plasma samples were collected for further analysis.

qRT-PCR results revealed that mRNA levels of PS4P were dramatically reduced in the
liver of mice injected with AAV-PSAP shRNA when compared with those treated with AAV-
scrambled shRNA (Fig 5.2A). These mice were active, healthy and indistinguishable, and did
not display a significant difference in H&E staining of liver sections (Fig S5.3A). Bodyweight
and plasma ALT levels were also comparable in mice injected with AAV-scrambled or PSAP
shRNA (Fig S5.3 C& D). Further, the mRNA levels of Ldlr, Pcsk9, Hmgcr, Pcsk9, and
Srebpf2 in the mouse liver were not affected by the reduction of PSAP (Fig 5.2A).

On the other hand, PSAP knockdown mice displayed a mild but significant increase in
LDLR levels in the liver (Fig 5.2B and C) without any significant change in plasma PCSK9
levels (Fig 5.2D). We observed that knockdown of PSAP significantly reduced plasma levels
of total cholesterol (Fig 5.2E). Fast protein liquid chromatography (FPLC) data showed a
marked reduction of cholesterol content in both LDL and HDL fractions (Fig 5.3A).
Consistently, the plasma levels of both HDL and non-HDL cholesterol wer significantly
decreased as measured by the commercial Cholesterol Assay Kit (Cell Biolabs, INC) (Fig

5.3B and 5.3C). Further, plasma levels of apoE and apoB48 were decreased in the PSAP-
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knockdown mice when compared with those in mice injected with scrambled shRNA (Fig
5.3D and 5.3E). These data suggest that reduction of PSAP might be sufficient to increase
LDLR levels in the liver and indicate the important role of PSAP in the regulation of hepatic

LDLR and plasma cholesterol.
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Figure 5.2 Effect of PSAP KD in mouse liver on LDLR and plasma PCSKO9. A.

mRNA levels of Ldilr and other Srebpf2 target genes. Total RNAs were extracted from
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the liver from mice injected with AAV-scrambled or PSAP-shRNA with TRIzol, followed
with qRT-PCR measurement of mRNA levels. The relative mRNA levels were the ratio of the
mRNA levels of target genes to that of Gapdh in the same tissue. B. Hepatic LDLR levels.
Same amount of liver homogenates from each mouse (90 pg/well) was subjected to
immunoblotting. Relative densitometry was the ratio of the densitometry of LDLR of
different mice to that of actin of the same mouse. C. Plasma PCSK9 level. Same amount of
plasma from each mouse in the same group was applied to commercial ELISA kit for PCSK9
protein concentration. D. Plasma levels of total cholesterol. 20 pl of plasma from each mouse
were applied to the measurement using a commercial kit in accordance with the

manufacturer’s instructions.
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the same group was pooled and applied to FPLC analysis of plasma cholesterol. B and C.
Plasma levels of HDL and non-HDL cholesterol. 20 pl of plasma from each mouse were
applied to the measurement using a commercial kit in accordance with manufacturer’s
instructions. D and E. Plasma levels of apolipoproteins. Same amount of plasma samples
from each mouse was diluted with water and subjected to immunoblotting. Relative
densitometry was the ratio of the densitometry of LDLR of different mice to that of albumin of

the same mouse. The values of all data unless otherwise indicated were mean = S.E.M of at

least 6 mice in each group. *, p<0.05. **, p<0.01.
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5.2.3 Effect of knocking down PSAP in Ldlr’ mice on plasma cholesterol

To evaluate the dependence of the regulatory role of PSAP in plasma cholesterol on
LDLR, we knocked down the expression of PSAP in Ldlr’- mice (8-10 weeks of age, 5 x 10'°
gc/mouse, 6 mice/group) using AAV-DJ/8-PSAP shRNA or scrambled shRNA. Mice were fed
western-type diet and sacrificed 30 days after transduction for the collection of the liver and
plasma samples. qRT-PCR results revealed that mRNA levels of Psap were dramatically
reduced in the liver of mice injected with AAV-PSAP shRNA when compared with mice
treated with AAV-scrambled shRNA (Fig 5.4A). The plasma levels of total cholesterol, apoE,
and apoB were comparable between the two groups (Fig 5.4B, C, D and E). These results
indicate that the impact of PSAP knockdown in plasma levels of cholesterol appears to depend

on hepatic LDLR in mice.
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Figure 5.4 Effect of KD PSAP in Ldlr-/- mice on plasma cholesterol and
apolipoproteins. A. Psap mRNA levels. Same amount of liver from each mouse (25 mg/mice)
were homogenized using TRIZOL. Total RNAs were extracted and used for the synthesis of

cDNA, followed by qRT-PCR. The relative mRNA levels were the ratio of the mRNA levels
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of the target genes to that of Gapdh at the same condition. B. Plasma levels of total
cholesterol. 20 pl of plasma from each mouse were applied to the measurement using a
commercial kit in accordance with manufacturer’s instructions. C, D and E. Plasma
levels of apoE and apoB. Same amount of plasma samples from each mouse was diluted
with water and subjected to immunoblotting. Relative densitometry was the ratio of the
densitometry of LDLR of different mice to that of albumin of the same mouse. The
values of all data unless otherwise indicated were mean + S.E.M of at least 6 mice in

each group. *, p<0.05. **, p<0.01.
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5.2.4 Effect of knockdown PSAP on lysosomal function

Given that PSAP siRNAs efficiently reduced mRNA levels of PSAP but did not affect
that of LDLR, PCSK9, SREBP2 or HMGCR (Fig 5.1E), it appeared that PSAP had no dramatic
effect on LDLR transcription. The complete loss of PSAP or one of the individual saposins
causes lysosomal storage disorders (192). Thus, reducing PSAP expression in cultured cells
might alter lysosomal function which, in turn, influence LDLR levels. We applied LysoBrite™
Green to monitor the acidification of lysosomes, an indication of the integrity of the lysosomal
function. As shown in Figure 5.5A and 5.5B, the fluorescent signals were comparable between
cells transfected with control or PSAP siRNAs, indicating that a negligible deleterious effect
of knockdown of PSAP on the lysosomal acidification. LDLR is mainly degraded in the
lysosomes. If the PSAP knockdown-induced increase in LDLR was caused by the impaired
lysosomal function, LDLR levels should not be further increaseed when combined PSAP
knockdown and inhibition of lysosome function. To test this hypothesis, we transfected Huh7
cells with scrambled or PSAP siRNA, and then treated the cells with chloroquine (CQ) that
can accumulate in lysosome, raise pH in the lysosomes and consequently damage lysosomal
function. As shown in Figure 5.5C and D, indeed, treatment with CQ and knockdown of PSAP
significantly increased the levels of LDLR in the cells transfected with the scrambled siRNA
(lane 4 vs 1) and in cells without addition of CQ (lane 2 vs 1), respectively. We also observed
that combination of PSAP knockdown and CQ treatment further increased LDLR levels as
compared to either treatment alone (lane 5 vs 4 or 2), indicating that the lysosome could
efficiently degrade LDLR when the expression of PSAP was reduced. Next, we treated cells
with cycoloheximide to inhibit newly LDLR synthesis and then monitored the levels of LDLR.

As shown in Figure 5.5E and F, the biosynthesis of LDLR was inhibited, the newly made
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proteins could be degraded in both scrambled and PSAP siRNA-transfected cells. We observed
a sharp reduction in LDLR levels with 6 h in PSAP knockdown cells as compared to the
control. Together, these findings indicated that knockdown of PSAP at least did not grossly
impair lysosomal function, and the increase in LDLR induced by knockdown of PSAP was not

mainly contributed by the potential deficiency of lysosome-dependent degradation of LDLR.
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Figure 5.5 Effect of KD PSAP on lysosome function. A, lysosome acidification. Huh7 cells
were transfected with control or PSAP siRNA. After 48 h, cells were incubated with
LysoBrite™ (green) and DAPI (blue) for 30 min and then rinsed with PBS for 3 times.

Representative images for each treatment were shown at panel A. B, Quantification of
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fluorescence signal. Fluorescence signal were measured by Image J. Corrected total cell
fluorescence (CTCF) = integrated density — (the area of selected cell x background readings).
C&D, Effect of KD PSAP on lysosomal LDLR degradation. 48 h after transfection, cells
were incubated with CQ overnight and whole cell lysate was prepared, followed by
immunoblotting to detect LDLR and PSAP using a monoclonal anti-LDLR (HL-1) antibody
and anti-PSAP polyclonal antibody, respectively. The figures in panel C showed representative
protein levels. The densitometry was determined using a Licor Odyssey Infrared Imaging
System. The relative densitometry was the ratio of the densitometry of LDLR to that of actin
at the same condition. E&FE, Effect of KD PSAP on LDLR degradation. 48 h after
transfection, cells were incubated with cycloheximide at 37 °C, and whole cell lysate was
prepared at time points of 0, 6, 12, 16 and 24 h, followed by immunoblotting using a
monoclonal anti-LDLR (HL-1) antibody and anti-actin monoclonal antibody, respectively. The
figures in panel E showed representative protein levels. The densitometry was determined
using a Licor Odyssey Infrared Imaging System. The relative densitometry was the ratio of the

densitometry of LDLR to that of actin at the same condition.
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5.2.5 PSAP-regulated LDLR was independent of PCSK9

Next, we investigated the role of PCSK9 in PSAP’s action on LDLR. First, we
incubated cells transfected with scrambled or PSAP siRNA with purified PCSK9 protein (DY).
As shown in Figure 5.6A and B, addition of purified PCSK9 proteins efficiently promoted
LDLR degradation in PSAP knockdown cells, indicating that PSAP is not required for
PCSK9-promoted LDLR degradation. Next, we defined if PCSK9 was required for PSAP-
induced degradation of LDLR. We treated HEK293 cells with new-born calf lipoprotein
deficient serum (NCLPPS) to increase expression of LDLR and found that knockdown of
PSAP increased LDLR levels even though the expression of PCSK9 was undetectable under
this condition (Fig 5.6C). We also knocked down the expression of both PCSK9 and PSAP in
Huh7 cells. As shown in Fig 5.7D and E, reducing expression of either PSAP or PCSK9
significantly increased LDLR levels. Knockdown of both PCSK9 and PSAP exihibited an
additive increase in the levels of LDLR, suggesting that PCSK9 and PSAP might regulate
LDLR via different pathways. Together, these findings indicate that the action of PCSK9 and

PSAP on LDLR appears to be independent of each other.
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Figure 5.6 Role of PCSK9 in PSAP-regulated LDLR. A&B, Effect of KD PSAP on
PCSK9-mediated LDLR degradation. PSAP-specific siRNAs were used to knock down PSAP
expression in Huh7 cells. 48 h after transfection, cells were incubated with 4 pg/ml PCSK9-
DY at 37 °C for 6 h, and whole cell lysate was prepared, followed by immunoblotting to detect

LDLR, PSAP and PCSK9 using a monoclonal anti-LDLR (HL-1) antibody, anti-PSAP
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polyclonal antibody, and anti-PCSK9 (15A6) monoclonal antibody, respectively. The figures
in panel A showed representative protein levels. The densitometry was determined using a
Licor Odyssey Infrared Imaging System. The relative densitometry was the ratio of the
densitometry of LDLR to that of TFR at the same condition. C, Effect of KD PSAP on LDLR
in HEK293. PSAP-specific siRNAs were used to knock down PSAP expression in HEK293
cells. 24 h after transfection, cells were incubated with 5% NCLPPS overnight, and whole cell
lysate was prepared, followed by immunoblotting to detect LDLR, PSAP and PCSKO,
respectively. The figure in panel C showed representative protein levels. D&E, Effect of KD
PSAP and PCSK9 on LDLR. PSAP- or PCSKO9- specific siRNAs were used to knock down
their expression in Huh7 cells. After 48 h, whole cell lysate was prepared, followed by
immunoblotting to detect LDLR, PSAP and PCSK9, respectively. The figures in panel D
showed representative protein levels. The densitometry was determined using a Licor Odyssey
Infrared Imaging System. The relative densitometry was the ratio of the densitometry of

LDLR to that of actin at the same condition.

5.2.6 PSAP directly interacted LDLR

We then tried to dissect how PSAP induced LDLR degradation. First, we investigated
if PSAP co-localized with LDLR using confocal microscopy. We found that PSAP (green
fluorescence) and LDLR (red fluorescence) could be detected intracellularly and partially co-
localized in Huh7 cells (yellow color, Fig 5.7A). Next, we performed immunoprecipitation
using whole cell lysate isolated from Huh7 cells. As shown in Fig 5.7B, HL-1, a mouse anti-
LDLR antibody, but not 9E10, a mouse anti-Myc tag antibody could efficiently pull down
endogenous LDLR from the whole cell lysate. PSAP was present only in the LDLR-

precipitated sample. The transferrin receptor (TFR) was not detectable in the
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immunoprecipitated sample. We then generated a mutant LDLR in which the EGF domain
was removed (LDLRAEGF). PSAP and the wild-type (WT) or mutant LDLR were co-
expressed in HEK293 cells. PSAP co-immunoprecipitated with the WT LDLR but not the
LDLRAEGF (Fig 5.7C), indicating that the EGF domain is required for the interaction
between LDLR and PSAP. These data suggest that PSAP directly associates with LDLR and

may induce the intracellular degradation of the receptor.
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Figure 5.7 Interaction between PSAP and LDLR. A, Intracellular localization of LDLR
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and PSAP. Huh7 cells were cultured on coverslips with DMEM containing 5% NCLPPS for
16 h. After washing with PBS 3 times, cells were fixed with paraformaldehyde and
permeabilized with ice-cold methanol. The monoclonal anti-LDLR antibody was used to
detect LDLR and visualized with Alexa 568-conjugated goat anti-mouse IgG and shown in red.
The polyclonal anti-PSAP antibody was visualized with Alexa 488-conjugated goat anti-rabbit
IgG and shown in green. Nuclei were visualized with DAPI and shown in blue. B, Co-
immunoprecipitation of PSAP with LDLR. Whole cell lysate was prepared from Huh7 cells
(one 100 mm dish) and applied to an anti-LDLR antibody HL-1 and protein-G beads for 48 h.
Beads were washed with ice-cold lysis buffer B for 3 times. Same amount of whole cell lysate
(Inputs) and eluted proteins from beads (Beads) were applied to immunoblotting using
antibodies as indicated. C, Interaction between PSAP and WT- and mutant LDLR. HEK293
cells were transfected with the WT or LDLRAEGEF. 48 h later, whole cell lysate was prepared,
and same amount of total proteins were subjected to immunoprecipitation using the anti-

LDLR antibody HL-1 as described above.
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5.3 Discussion

Given the protective role of LDLR in atherosclerosis, identifying proteins or
compounds that can increase LDLR levels is a key therapeutic avenue for reducing the risk of
CVD. In this study, we identified PSAP as a novel regulator of LDLR most likely through a
post-translational mechanism. Using in vitro and in vivo models, we found that 1) knockdown
of PSAP expression increased cellular levels of LDLR but not PCSK9 in different types of
cells including HepG2 and Huh7, as well as human primary hepatocytes; 2) knockdown of
hepatic PSAP in mice increased LDLR in the liver and reduced plasma levels of total
cholesterol; 3) knockdown of PSAP had no effect on the mRNA levels of LDLR and other
SREBP? target genes including PCSK9, SREBP2, and HMGCR; and 4) lysosomal inhibition
with chloroquine had no effect on PSAP-mediated increment of LDLR; 5) Despite the fact that
we initially identified PSAP as a potential binding partner of PCSK9 using the yeast two-
hybrid system, our data clearly showed that PCSK9 was not required for PSAP-induced LDLR
degradation and vice versa. Studies of the potential interaction between PSAP and PCSK9 and
its relevant physiological roles are ongoing in the lab. Nevertheless, our findings indicate that
PSAP is a potential LDLR binding partner and regulates hepatic LDLR levels and plasma
cholesterol metabolism.

Hepatic LDLR is critical for the clearance of circulating apoB100 and apoE containing
lipoproteins. Knockdown of PSAP in cultured cells indeed enhanced cellular LDL uptake.
Further, PSAP-KD mice fed Western-type diet showed an increase in hepatic LDLR levels
and a significant reduction in plasma levels of total cholesterol, HDL and non-HDL
cholesterol. This reduction is likely caused by enhanced LDLR-mediated clearance of LDL,
chylomicron remnants, as well as apoE containing HDL particles as reported in PCSK9

knockout mice (56). For example, knockout of PCSK9 in mice dramatically reduces plasma
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levels of LDL and HDL due to enhanced LDLR-mediated clearance of LDL and apoE-HDL.
Taken together, our findings uncover a novel function of PSAP as a regulator of lipid
metabolism.

Previous milestone discoveries in human genetics have established a clear link
between PCSK9 function and plasma LDL-C concentrations. Mechanistic analysis reveals that
secreted PCSK9 binds to LDLR at the hepatocyte cell surface and promotes its lysosomal
degradation, increasing plasma levels of LDL-C and the risk of CVD. Molecular mapping of
the PCSK9-LDLR binding interface showed that the EGF-A of LDLR is the main binding site
of PCSKO9 on the receptor. A blockage of the association between PCSK9 and LDLR reduces
plasma levels of LDL-C and CVD (116). Here, we identified the main contribution of the EGF
domain of LDLR to the binding between PSAP and LDLR. Removal of the whole EGF
domain virtually eliminated the interaction between PSAP and LDLR. Given that knockdown
of both PCSK9 and PSAP increased LDLR more significantly compared to knockdown of
either PCSK9 or PSAP alone, it is possible that an inhibitor targeting the EGF domain could
block the association of LDLR with PCSK9 and PSAP, leading to an additive effect on the
increase in LDLR.

How does the binding of PSAP to LDLR cause the degradation of the receptor? We
have found that addition of purified recombinant PSAP to the cultured cells did not affect the
levels of LDLR, indicating that PSAP unlikely promoted LDLR degradation via the
extracellular pathway (Fig 5.8). Sortilin and mannose-6-phosphate receptor can recognize and
bind to the C-terminal region of PSAP and direct PSAP to the lysosome. Variants in SORT]
locus have been shown to have a strong correlation with plasma levels of LDL-C and the risk
of coronary heart disease. However, the underlying mechanism is unclear. Conflicting data on

the role of sortilin in PCSK9 secretion have been reported in the literature. Studies from
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Gustafsen et al. have showed that sortilin facilitated PCSK9 secretion probably at the trans-
Golgi network, thereby reducing hepatic LDLR levels and increasing plasma levels of LDL
cholesterol (92). On the other hand, Butkinaree et al. have reported that PCSK9 secretion was
not affected by silence of sortilin in cultured cells or knockout of sortilin in mice (94). Our
findings showed that PSAP interacted with LDLR in cells, and sortilin can bind to PSAP. Is it
possible that sortilin directs PSAP/LDLR complex to the lysosome for degradation during the

secretory pathway? Experiments are ongoing in the lab to investigate this possibility.
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Figure 5.8 Effect of extracellular PSAP on LDLR. Huh7 cells were incubated with 4
pg/ml purified PSAP or PCSK9-DY at 37 °C for 6 h, and whole cell lysate was prepared,
followed by immunoblotting to detect LDLR and PSAP using a monoclonal anti-LDLR (HL-
1), anti-PSAP polyclonal antibody, and anti-PCSK9 (15A6) monoclonal antibodies,
respectively. The figures on the left showed representative protein levels. The densitometry
was determined using a Licor Odyssey Infrared Imaging System. The relative densitometry

was the ratio of the densitometry of LDLR to that of tfr at the same condition.
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Supplementary figures
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Figure 5.1S PSAP structure, and its intracellular trafficking and secretion. A,
Organization of human PSAP protein. Structurally, PSAP contains a 16 amino acids signal
peptide followed by four saposins. PSAP is proteolytically cleaved in the lysosome to generate
saposin A, B, C, and D. Individual saposin domains and signal peptide are indicated; yellow
stars represent the glycosylation sites in each saposin (modified from (188)); blue arrow points
to the lysosomal targeting motif of PSAP. B, Amino acid sequence of human saposin A-D.
Saposins are highly homologous molecules, each with approximately 80 amino acids
containing six cysteine residues and N-glycosylated carbohydrate chains that are highly
conserved. Potential N-glycosylation type carbohydrate side chains linked to asparagine are

indicated with the yellow "N." As indicated, each saposin molecule also contains six cysteines
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(red) positioned at almost similar locations. C, Working model of PSAP secretion and
lysosomal trafficking pathway (modified from (198)). PSAP is a multifunctional protein that
plays various physiological roles intracellularly and extracellularly (188,189). PSAP is
synthesized in the ER as a 53 kDa protein and is post-translationally modified to a 62-65 kDa
form after addition of high mannose. In the trans-Golgi network (TGN), this protein is further

glycosylated to a 68-70 kDa secretory form.
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Figure 5.2S Effects of knocking down PSAP on LDLR and PCSK9 in huh7. Huh7
(panel A, B, C&D) cells were transfected with scrambled siRNA (control) or PSAP specific
siRNA (PS3 and PS5) (20 puM) using Lipofectamine RNAiMax according to the
manufacturer’s protocol. After 24 hours, the culture medium was changed into DMEM plus 5%
NCLPPS for overnight. Cells were lysed, and protein concentrations were measured by BCA
protein assay. Same amount of total proteins was subjected to SDS-PAGE (8%) and
transferred to nitrocellulose membranes by electroblotting. Immunoblotting was performed
using an anti-LDLR rabbit polyclonal antibody 3143, an anti-PCSK9 polyclonal antibody
(15A6), or a monoclonal anti-transferrin receptor antibody (TFR). Antibody binding was
detected by IRDye-labeled goat anti-mouse or goat anti-rabbit IgG. The signal was detected by
a Li-Cor Odyssey Infrared Imaging System (Li-Cor). The relative protein level was calculated
by normalized to the densitometry of LDLR or PCSKO9 to that of transferrin receptor (TFR).
Normalized relative densitometry was the ratio of the relative densitometry to that of control

group that was defined as 1. Similar results were obtained from at least three independent
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experiments.
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Figure 5.3S Effects of knocking down PSAP on mouse liver health. 4. Liver
morphology. B. Liver section staining. Representative figures of H&E staining of cross-
sections of liver tissues. C. Plasma ALT activity. Each sample was assayed in triplicate as

described previously. D. Bodyweight gain of Scrambled and PSAP-shRNA injected mice.
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Chapter 6

Discussion and Future Perspectives
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Previous milestone discoveries in human genetics have established a clear link
between PCSK9 function and plasma LDL-C concentrations. GOF mutations in the PCSK9Y
gene cause autosomal dominant familial hypercholesterolemia. Conversely, LOF mutations
are associated with hypocholesterolemia and protect against CVD. Mechanistic analysis
reveals that circulating PCSK9 binds to LDLR at the cell surface of hepatocytes and promotes
the degradation of LDLR in the lysosome. In this thesis, I sought to further explore the
detailed molecular mechanisms, by which PCSKO is secreted from hepatocytes and interacts

with the LDLR, and directs the receptor for lysosomal degradation.

6.1 The role of PCSK9 CTD in its maturation and secretion

6.1.1 The length of CTD is important for PCSK9 maturation and secretion
Plasma PCSK9 is mainly secreted from hepatocytes, and its levels are positively
associated with LDL-C concentrations. However, the molecular machinery that mediates
PCSKO9 secretion is unclear. The PCSK9 C-terminus is essential for PCSK9-promoted LDLR
degradation. It has been reported that deletion of all three CMs, or only CM2 and CM3, does
not affect PCSKO secretion. Here, I have demonstrated that mutant PCSK9!-28 that lacks CM2
and CM3 displayed no significant difference in PCSK9 secretion compared to the WT full-
length PCSK9. However, I did find that mutant PCSK9!%*3, but not PCSK9!-328, significantly
impairs PCSK9 maturation, indicating a potential role of CM1 in the self-cleavage of PCSK9.
Furthermore, we were the first to define the role of the hinge region in PCSK9 secretion. We
found that full or partial deletion of the hinge region markedly impaired PCSK9 maturation to

a similar extent. Conversely, mutant PCSK9!-443

significantly reduced PCSK9 secretion but
still could be fairly secreted to culture medium, whereas mutants PCSK9!444 PCSK9!-443, and

PCSK9!'4?% all essentially eliminated PCSK9 secretion. Considering that the hinge region is
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exposed on the surface and close to amino acids Ile161 to Argl67 in the N-terminal CAT
(83,105,109,139), removal of the hinge region might interfere with the structural integrity of
the CAT, thereby affecting PCSK9 self-cleavage and maturation. In addition, deletion of
Pro** in mutant PCSK9!** was processed as efficiently as mutants PCSK9!45 and PCSK9!-
446 that included Pro**, but PCSK9!**** markedly reduced PCSK9 secretion compared to the

445 resides inside a pocket that is surrounded by Leu**,

other two mutations. Interestingly, Pro
Pro'®, Ala*?, Met’?8, Ala*?, erc. (83,105,109). It would be of interest to see if this pocket is
involved in the binding of cofactors that contribute to PCSK9 secretion and/or PCSK9-

promoted LDLR degradation.

6.1.2 SEC24 isoforms play a role in PCSK9 ER exit

Recently, it has been reported that knockout of SEC24A, and reduced expression of
SEC24B but not SEC24D in mice, decrease PCSK9 secretion (88). Consistently, we found
that knockdown of SEC24A and SEC24B but not SEC24D impaired PCSK9 secretion in
cultured human hepatocytes. Chen et al. also found that, unlike SEC24A and SEC24B,
overexpression of SEC24C together with SEC23A did not enhance secretion of PCSK9
expressed in 293T cells (88). However, we observed that knockdown of SEC24C in cultured
human hepatoma-derived Huh7 cells, significantly reduced PCSK9 secretion. Nevertheless,
these findings demonstrate that SEC24 plays an important role in facilitating the ER-to-Golgi
transport of PCSK9. The detailed molecular mechanism by which PCSK9 exits the ER,

however, has yet to be determined.

6.1.3 Conclusion
In summary, Chapter 3 has demonstrated the important role of the hinge region of

PCSKO in its secretion and processing. We also found that both loss-of-function mutations
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(S462P and AS522T) and gain-of-function mutations (S465L and E482G) impair PCSK9
secretion. Further, we have shown that SEC24A, B and C, but not SEC24D, facilitate PCSK9
secretion in cultured human hepatoma-derived cells. Together, these findings shed some light

on our understanding of PCSK9 secretion.

6.2 The binding motif between LDLR and PCSK9

6.2.1 The role of Asp203 of LDLR in PCSKY9 binding

It has been reported that the side chain of Asp203 forms hydrogen bonds with the
backbone amide of the LRS of LDLR (170), thereby playing an important role in maintaining
the structural stability of the LDLR. Indeed, mutations on Asp203 including D203N, D203G,
D203A, and D203V, have been identified in FH patients (171-173). However, we did observe
the mature form and cell surface expression of D203N, indicating that the mutant LDLR could
be delivered to the plasma membrane. However, this mutation of LDLR significantly reduced
binding of PCSK9 and LDL to the receptor, as well as PCSK9-promoted LDLR degradation.
It is of note that patients carrying the D203N mutation display FH. Thus, the effect of D203N
on LDL binding must be dominant over its effect on PCSK9 binding. In addition, mutations
D203N, D154N and D172N of the LDLR all introduced a novel N-glycosylation site to the
receptor. D203N and double mutation E153QD154N but not D172N seemed to cause a minor
electrophoretic mobility shift of the LDLR on SDS-PAGE. However, E153QD154N, unlike
DI172N and D203N, had no detectable effect on PCSK9 binding. It would be of interest to
determine if and how these mutations affect N-glycosylation of LDLR and the related

functional consequences.

6.2.2 The role of Asp172 of LDLR in PCSKY9 binding

Aspl72 resides in the highly flexible C-terminal half of the linker between the LR4
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and the LRS (167). No FH mutation has been reported at this position except for a frameshift
mutation that deletes three amino acid residues (172 to 174) and causes a premature stop
(174). Mutation D172N appeared to have no marked effect on LDLR trafficking, LDL binding
at pH 7.4 or PCSKO9 binding at pH 6.0, but significantly reduced PCSK9 binding at pH 7.4.
PCSK9 mainly binds to the EGF-A domain of the LDLR. How did mutations D172N
and D203N in the LR region of LDLR impair PCSK9 binding? We previously found that at
least three ligand binding repeats were required for PCSK9-promoted LDLR degradation (97).
Tyeten et al. also reported that binding of PCSK9 to mutant LDLR without the LRs was
significantly lower at a neutral or acidic pH value than its binding to the full-length receptor
(104). Yamamoto et al. further demonstrated that the LRs of LDLR bound to C-terminal
PCSK9 in a pH-dependent manner with much stronger binding in the acidic endosomal
environment (141). In addition, studies from Holla et al. indicated that the positively charged
C-terminus of PCSK9 might interact with the negatively charged LRs of LDLR (112).
Similarly, Cunningham et al. employed the surface plasmon resonance (SPR) assay and
revealed that C-terminus of PCSK9 purified from Chinese Hamster Ovary (CHO) cells was
important for PCSK9 binding to the LDLR (105). These findings indicate that the negatively
charged LRs of LDLR may interact with the positively charged C-terminus of PCSKO. In this
situation, D203N might affect the structural stability of the LR5 of LDLR and consequently
impair PCSK9 binding. On the other hand, Aspl72 that only affected PCSK9 binding at
neutral pH might involve the interaction with PCSK9. Alternatively, the flexibility of the
loops between the LRs might allow a possible intermodular crosstalk between different LRs.
Thus, it is possible that the structural alteration in the LRS caused by D203N may affect the
structural stability of the LR7, eventually impairing the integrity of the EGF-A and interfering

the PCSK9 binding to the receptor. In addition, several PCSK9 potential binding partners have
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been reported (113,178,179). It will be of interest to investigate if the LRs of LDLR,

especially D172 and D203, are involved in the interaction with these potential partners.

6.2.3 Conclusion

In Chapter 4, I have demonstrated the important role of negatively charged amino acids
in the LRs of the LDLR in the binding of PCSK9 at the cell surface. We showed that the
mutation D172N in the linker between the LR4 and the LR5, and the mutation D203N in the
LRS of the full-length LDLR, significantly reduced PCSK9 binding to the receptor at pH 7.4.
Further, D203N but not D172N reduced PCSK9 binding at pH 6.0 and LDLR-mediated LDL
uptake. Together, these findings indicate that Asp residues at specific positions in the LRs

regulate the binding of PCSK9 to LDLR.

6.3 PSAP regulated LDLR degradation

6.3.1 PSAP versus PCSK9

In Chapter 5, we sought to identify the unknown cofactor(s) that binds to the CTD of
PCSK9 and directs the PCSK9/LDLR complex to the lysosome for degradation. PSAP was
one of the candidate proteins we obtained from the yeast two hybrid system. Our initial
hypothesis was that extracellular PSAP bound to the CTD of PCSK9, while the CAT of
PCSKO interacted with the EGF-A domain of LDLR. After endocytosis, the PCSK9/LDLR
complex would be delivered to the endosome, where the C-terminal domain of PSAP would
provide a lysosomal targeting signal and direct PCSK9/LDLR to the lysosome for
degradation. However, our results demonstrated that PSAP-regulated LDLR levels was
independent of PCSK9 and vice versa. First, Huh7 cells incubated with purified PCSK9

protein displayed a reduction in LDLR levels, whereas incubation of purified PSAP protein
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had no significant effect on LDLR abundance (Fig 5.8). Second, knockdown of PSAP
increased LDLR levels in HEK293 cells that did not express PCSK9. These results suggested

that PSAP regulates LDLR in a pathway different from that of PCSK9.

6.3.2 Intracellular PSAP-promoted LDLR degradation

PSAP is ubiquitously expressed in tissues at a high level, probably due to its main
physiological role in facilitating glycosphingolipid degradation in the lysosome. However,
PSAP is also secreted from many organs, including kidneys, heart, and liver, and is present in
many body fluids such as plasma, at a high concentration (1.5 pg/ml). In this study, we used
AAV-shRNA that reduce PSAP mRNA levels in the mouse liver and found that knockdown of
PSAP increased hepatic LDLR and reduced plasma levels of total cholesterol. On the other
hand, incubation of purified PSAP protein in cultured hepatoma-derived cells had no effect on
LDLR levels (Fig 5.8). These results suggest that PSAP induces LDLR degradation mainly
through an intracellular pathway. Furthermore, we found that PSAP bound to LDLR probably
on its EGF domain. PSAP is transported to the lysosome by binding to a sorting receptor in
the trans-Golgi network. It is possible that some of the LDLR is transported to the lysosome

for degradation within the secretory pathway via interaction with PSAP.

6.4 Future directions

6.4.1 To uncover the binding motif in PSAP for its interaction with LDLR

In Figure 5.7B and 5.7C, I have demonstrated that PSAP interacted with LDLR via the
EGF domain of the LDLR, however the binding motifs in PSAP remain unclear. Since the
binding of the C-terminal domain of PSAP (aa 524-540) to a sorting receptor occurs in the

trans-Golgi network, which is responsible for its lysosomal trafficking, I speculate that the N-

136



terminal domain of PSAP may interact with the EGF domain of LDLR. To characterize the
structural requirement for PSAP’s binding to the LDLR, I propose the following study. A
recombinant expression vector containing the full-length human PSAP cDNA will be used as
the template to generate a mutant form of PSAP, in which the N-terminal domain of PSAP is
deleted (PSAPANTD) using the QuickChange™ site-directed mutagenesis kit. Co-
immunoprecipitation experiments will be performed as previously described in Figure 5.7C. I
expect that LDLR will be pulled down with the WT PSAP but not with the PSAPANTD. This
result will indicate the critical requirement of the N-terminal domain for PSAP for its

interaction with LDLR.

6.4.2 To investigate the role of sortilin in PSAP-induced LDLR degradation
We have demonstrated that the intracellular PSAP bound to LDLR and regulated
LDLR degradation. However, how this intracellular pathway functions is yet to be
investigated. The sorting of PSAP to the lysosome occurs in the TGN by sortilin. Given the
role of sortilin in regulation of lipid metabolism, I hypothesize that sortilin plays a role in the
PSAP-induced LDLR degradation. To test this hypothesis, first, we will study the effect of
knocking down sortilin expression on LDLR levels in human hepatocyte-derived cells. If
reduction of sortilin expression increased LDLR levels, we would overexpress sortilin or
PSAP alone, or together to study their collective effect on LDLR degradation in the presence
or absence of the lysosome inhibitor chloroquine (CQ). I speculate that overexpression of both
sortilin and PSAP will reduce LDLR levels in the absence of CQ. This result would indicate
that sortilin plays a role in directing the PSAP/LDLR complex to lysosome for degradation.
Furthermore, it has been reported that compared to the WT mice, sortilin” mice have higher

hepatic LDLR levels and lower plasma levels of total cholesterol (92). We will characterize
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the effect of PSAP knockdown in sortilin” mice. It would be interesting to see if knockdown

of PSAP in these mice could modulate the levels of hepatic LDLR and plasma LDL-C.

6.4.3 To study the effect of PSAP knockdown in atherosclerosis

Our above findings have demonstrated that knockdown of PSAP in cultured cells
enhanced cellular LDL uptake. Further, PSAP-KD mice fed the Western-type diet showed
increased hepatic LDLR levels and a significant reduction in plasma levels of total cholesterol,
HDL and non-HDL cholesterol. This reduction is likely caused by enhanced LDLR-mediated
clearance of LDL, as well as chylomicron remnants and apoE containing HDL particles, as
reported in PCSK9-KO mice. Considering that plasma levels of LDL-C are positively
correlated with the risk of atherosclerosis, it is possible that knockdown of hepatic PSAP
would prevent the development of atherosclerosis. ApoE” mice fed the Western-type diet
would spontaneously develop atherosclerosis. Foam cell lesions are observed in these mice as
early as 10 weeks of age. To investigate the role of PSAP in early lesion formation, we will
inject apoE” mice fed the Western-type diet, with AAV-scrambled or PSAP-shRNA at 4
weeks of age when lesions are undetectable, and subsequently determine the effect of PSAP
on the development of lesions. To assess the LDLR dependence, Ldlr”- mice will be fed the
Western-type diet for 12 weeks to develop atherosclerosis and we will then inject them with
AAVs. At the end of the study, animals will be sacrificed, and blood and tissues will be
harvested and analyzed as described in Figure 5.2 and 5.3. The aorta between the aortic root
and iliac bifurcation will be collected, stained with oil red O and analyzed using Image-Pro
Plus software to assess the atherosclerotic lesions. Given that many factors have both pro- and
anti-atherogenic effects depending on the stages of atherosclerotic plaque, it is difficult to

anticipate the outcome of PSAP knockdown on the development of atherosclerosis.
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6.5 Concluding remarks
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Figure 6.1 Final working model.

In summary, studies in my thesis have demonstrated the important role of PCSK9 C-
terminus in PCSK9 secretion and function. In Chapter 3, I found that the hinge region of
PCSKO9 is critical for its processing and secretion, and SEC24A, B and C but not SEC24D
facilitate PCSK9 secretion in cultured human hepatoma-derived cells. In Chapter 4, I showed
the important role of negatively charged amino acids (D172N and D203N) in the LRs of
LDLR in PCSK9 binding at the cell surface. In Chapter 5, using in vitro and in vivo models, |
found that 1) knockdown of hepatic PSAP increased LDLR abundance in vitro and in vivo and
reduced plasma levels of total cholesterol in mice; 2) knockdown of PSAP had no effect on the
mRNA levels of LDLR and other SREBP2 target genes including PCSK9, SREBP2, and

HMGCR; 3) lysosomal inhibition with chloroquine had no effect on PSAP-mediated increase
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of LDLR; 4) PCSK9 was not required for PSAP-induced LDLR degradation and vice versa.
These findings indicate that PSAP is a potential LDLR binding partner and regulates hepatic
LDLR levels and plasma cholesterol metabolism.

In conclusion, since the discovery of PCSK9 in 2003, it has garnered a staggering
amount of attention from both the scientific community and pharmaceutical companies.
Secreted into plasma by the liver, PCSK9 binds to the LDLR at the surface of hepatocytes,
thereby preventing LDLR recycling and enhancing its degradation in the lysosome, resulting
in reduced LDL-C clearance. It takes 9 years to elaborate powerful new PCSK9-based
therapeutic approaches for reducing circulating levels of LDL-C. PCSK9 is now common
parlance among scientists and clinicians interested in the prevention and treatment of
atherosclerotic CVD. What makes this story so special is not only its recent discovery, and the
fact that it uncovers previously unknown biology, but also that these important scientific
insights have been translated into an effective medical therapy in a record short time.
However, the PCSK9 saga is far from complete. PCSK9 mAbs that dramatically reduce LDL-
C and incrementally reduce atherosclerotic CVD events, with additional therapeutic
antagonists of PCSKO9 are likely on the way. The work demonstrated in this thesis will shed
light on the molecular mechanism of PCSK9-promoted LDLR degradation. Yet, continued

research promises to provide further progress in the development of PCSK9 inhibitors.
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