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Abstract

Development of atherosclerosis, the hardening of the arteries, is dependent on
levels of serum cholesterol, which is regulated by the liver via LDL receptors (LDLR).
The expression and internalization of LDL receptors depend on several proteins including
PCSKO9. In fact, previous studies in our laboratory have shown that NEU1 down
regulation leads to LDLR hypersialylation which results in its stabilization via reduced
interactions with PCSK9. New evidence suggests that NEU1 which de-sialylates LDLR,
may affect the ability of another hepatic receptor, the asialoglycoprotein
receptor (ASGR), which is comprised of ASGR1 and ASGR2, to interact with LDLR
potentially causing its internalization and therefore reduced ability to take up LDL. We
investigated how sialidase plays a role in the interaction of ASGR with LDLR.
Knockdown and overexpression experiments suggest that NEU1 allows stabilization of
LDLR at the cell membrane via ASGR interactions. Treatment of HepG2 cells with
monensin which inhibits recycling from the early endosome, unveiled a new truncated
ASGRI1 isoform potentially lacking its lectin motif. This may be a novel regulatory step
in ASGR biosynthesis that warrants further studies. Lysosomal inhibition with
chloroquine resulted in concurrent accumulations of NEU1, LDLR and ASGR1, further
suggesting these proteins are biosynthetically connected. Our studies revealed a novel
isoform of ASGR1 in membrane fractions of HepG2 cell lysates that can associate with
NEU1 and LDLR. The impact of NEU1 and ASGR1 on the function and stability of
LDLR might lead to new clues for lowering serum cholesterol and reducing

atherosclerosis.
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Chapter 1: Introduction
1.1 Lipoprotein Metabolism

Cholesterol serves two important function in mammals; it is the major component
of cellular membranes which determines fluidity and permeability and is a precursor of
both bile acids and steroid hormones. Due to its importance, the metabolism and
homeostasis of cholesterol is tightly regulated, and an imbalance can lead to detrimental
effects and disease, for example atherosclerosis. Cholesterol can be obtained through
endogenous biosynthesis from metabolism of acetyl-CoA, as well as from the diet
through absorption by enterocytes at the small intestine (Goedeke and Fernandez-

Hernando 2012).

The main constituents in cholesterol transport are lipoproteins. These spherical
particles are composed of lipids and proteins at their core and an amphiphatic
phospholipid surface that allows for their movement through the blood to various tissues.
They are responsible for carrying cholesterol between the liver and peripheral tissues
within their hydrophobic core (Hoofnagle and Heinecke 2009). Different types of
lipoproteins are responsible for carrying different densities of cholesterol. Cholesterol not
synthesized by cells and obtained in the diet is packaged into chylomicrons along with
triglycerides and transported from the small intestine to the liver to be taken up by
hepatocytes (Goedeke and Fernandez-Hernando 2012). From the liver, cholesterol can be
delivered to peripheral tissues by very low-density lipoproteins (VLDL), which transport
them into the cell to be hydrolyzed by lysosomes into free cholesterol (Goedeke and

Fernandez-Hernando 2012, Biggerstaft and Wooten 2004). As cholesterol is removed
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from VLDL, its density is lowered, and it becomes a low-density lipoprotein (LDL).
Conversely, high density lipoproteins (HDL) will become denser as they take up more
cholesterol. These lipoproteins primarily transport cholesterol back to the liver where it
can be taken up by receptors (Biggerstaff and Wooten 2004). For this reason, HDL is
classically known as “good cholesterol”, while LDL is known as “bad cholesterol” as it
can lead to excessive delivery of cholesterol to peripheral tissues, as in the case of

atherosclerosis (Biggerstaff and Wooten 2004).

Risk factors in the development of atherosclerosis include hypertension, diabetes
mellitus, male gender, obesity, smoking, family history, high fat diet, and elevated serum
cholesterol levels (Hegele 2009). Elevated LDL and VLDL cholesterol are the main risk
factors of this condition and are sufficient even in the absence of other risk factors to

trigger atherosclerosis (Glass and Witztum 2001).

1.2 Atherosclerosis

Atherosclerosis is the accumulation of lipid-laden macrophages under the
endothelial layer of arteries, leading to chronic inflammation. This is largely driven by
elevated serum cholesterol levels (Hegele 2009). This process can lead to the formation
of plaques that protrude into the arterial lumen (Glass and Witztum 2001). Plaque
formation begins with the formation of fatty streaks due to the accumulation of
macrophages and their uptake of low-density lipoproteins (LDL) underneath the
endothelium of arterial walls (Glass and Witztum 2001). Once LDL reaches the

subendothelial space, its susceptibility to being oxidized is greatly increased. Once
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oxidized, LDL will remain in circulation as it is prevented from being bound by low
density lipoprotein receptors (LDLR) and taken up into cells (Levitan et al., 2010). The
uptake of oxidized LDL by macrophages through scavenger receptors causes the
formation of lipid filled foam cells (Glass and Witztum 2001). Macrophages interact with
T cells leading to chronic inflammation and the development of atherosclerotic lesions
(Glass and Witztum 2001). The subsequent migration, proliferation and secretion of
extracellular matrix proteins by smooth muscle cells from the medial arterial wall leads to
the formation of fibrous plaques. The rupture of these plaques can result in complications
such as stroke and myocardial infarction, of which are the primary cause of death in the
developed world (Glass and Witztum 2001). Therefore, understanding the development
and progression of this disease, including mechanisms involving lipid metabolism, is of

utmost importance.

1.3 LDLR and atherosclerosis

Increased risk of atherosclerosis and cardiovascular disease is associated with
increased levels of low-density lipoproteins (LDL). The low-density lipoprotein receptor
(LDLR) is responsible for bringing LDL cholesterol into cells. Therefore, levels of
circulating LDL is largely determined by LDLR levels. These receptors bind lipoproteins
which are subsequently internalized into cells by clathrin-coated vesicles. LDL and
LDLR are dissociated when vesicles fuse with early endosomes. LDLR is either recycled
to the membrane or degraded by lysosomes, while LDL is sorted into the late endosome

and lysosome and will be taken up by the cell (Wijers et al., 2015).
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The process of LDLR recycling is beginning to be understood, including the
important regulatory proteins. Sorting Nexin 17 (SNX17) has been demonstrated to bind
to LDLR and increase the rate that it moves through the endosome, while the number of
cell surface receptors remains stable. This suggests that SNX17 plays a role in recycling,
but not degradation of LDLR (Stockinger et al., 2002). LDLR recycling is also mediated
by Rab proteins. Rab3b has been demonstrated to transport LDLR directly from the Golgi
apparatus to the plasma membrane, while Rab13 mediates transport through the recycling
endosome. LDLR may also be endocytosed without the binding of LDL, with the help of

ARH or Dab2, depending on cell type (Nokes et al., 2008).

Due to the importance of this receptor, many intricate mechanisms for its
regulation and degradation are in place. These regulators include proprotein convertase
subtilisin/kexin type 9 (PCSK9) and inducible degrader of LDLR (IDOL) (Grethorst et
al., 2008). IDOL acts by ubiquitnation of itself and LDLR present in lipid rafts at the
plasma membrane, allowing for internalization mediated by Epsin (Kang et al., 2013).
PCSKY is a protein that preferentially binds LDLR on its epidermal growth factor-like
repeat A domain, interfering with a change in conformation that is required for its
recycling (Zhang et al., 2007). Once bound, LDLR is internalized and degraded by
lysosomes, reducing levels of surface LDLR (Zhang et al., 2007). PCSK9 can also bind
LDLR directly after synthesis within the Golgi apparatus (Wijers et al., 2015) While gain
of function mutations of PCSK9 have been shown to cause atherosclerosis, loss of
function mutations show protection against it (Grethorst et al., 2008). For this reason,

PCSKD is being heavily researched as a target molecule in cardiovascular disease.
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Different approaches for therapeutically inhibiting PCSK9 are being developed and tested

in clinical trials, including various monoclonal antibodies (Chaudhary et al., 2017).

The importance of LDLR in disease has been demonstrated in patients with
homozygous familial hypercholesterolemia. In this condition, patients lack functional
LDL receptors, and this was shown to be responsible for the significant accumulation of
LDL in the serum (Goldstein and Brown, 1977). Many studies have examined the effects
of deficiency in LDLR on the development of atherosclerosis in mice and noted the
marked increase in LDL cholesterol when fed high fat diets, but no difference when fed a
chow diet (Ishibashi et al., 1994). More recently, scientists have reported the creation of
LDLR”" Yucatan miniature pigs with targeted disruption of LDLR to provide a large
animal model of familial hypercholesterolemia and atherosclerosis (Davis et al., 2014).
This model displays considerably elevated LDL levels when fed a standard diet and
atherosclerotic lesions resembling human atherosclerosis, with more severe phenotypes

when fed a diet high in cholesterol (Davis et al., 2014).

1.4 Sialidase and atherosclerosis

Sialidase (Neul) is one of four mammalian sialidases (Miyagi and Yamaguchi
2012). It is an enzyme localized to lysosomes and the plasma membrane which cleaves
sialic acid residues from glycoproteins (Miyagi and Yamaguchi 2012). Sialic acid
residues are negatively charged terminal sugars found on glycoconjugates of proteins and
lipids (Chen and Varki 2010, Pshezhestky and Ashmarina 2001). Sialic acid removal is

important as it leads to altered chemical properties of proteins, for example their
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conformation and presence of functional binding sites, and therefore their interactions
and functions in biological processes (Miyagi and Yamaguchi 2012). These processes
include cell adhesion, proliferation, differentiation, glycoprotein and glycolipid
metabolism, and receptor modification (Monti 2010). Sialidase has been shown to play an
important role in mediating cell signaling through surface receptors (Pshezhetsky and
Ashmarina 2013). Removal of sialic acid residues by sialidases or degradation of
sialoglycoconjugates modulate changes in structure and function over time of cellular

receptors (Pshezhetsky and Ashmarina 2013).

Several studies have examined the role of sialic acid in the development of
atherosclerosis and noted the increase in serum sialic acid levels in patients with coronary
heart disease (Allain et al., 1996, Haq et al., 1993, Knuiman et al., 2004). Studies by
Lindberg et al., have shown that concentration of sialic acid in the serum can be used to
predict coronary heart disease and mortality from stroke (1991). Sialic acid content of
platelets and LDL have shown to be important factors in heart disease as well. Patients
were found to have significantly lower sialic acid levels in their platelets, and this was
hypothesized to play a role in facilitating platelet aggregation (Mandic et al., 2002). LDL
that has been desialylated by Neul has been shown to cause lipid accumulation in
patients with atherosclerosis, in agreement with the observation that sialic acid content of
LDL is much lower in these patients (Orekhov et al., 1992). Studies in fibroblasts and
endothelial cells showed that treatment with Neul markedly alters the binding, uptake

and degradation of LDL (Sprague et al., 1988).
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A more recent study investigated how Neul may play a role in regulating LDL
levels through LDLR. LDLR, an integral membrane glycoprotein, possesses terminal
sialic acid residues (Sprague et al., 1988). In hypomorphic Neul mice, increased levels
and recycling of LDLR in the liver result in decreased cholesterol levels in serum (Yang
et al., 2012). Additionally, studies of ApoE deficient mice with hypomorphic Neul
expression show reduced serum VLDL and LDL as well as reduction in formation of
atherosclerotic lesions (White et al., 2018). Treatment of Apoe”” mice with the sialidase
inhibitor DANA also displayed an anti-atherogenic effect (White et al., 2018). The
mechanism behind the effect of sialic acid content and LDL levels has yet to be
understood, however, one possible mechanism is through the action of ASGR. It is
hypothesized that in wild-type mice, the asialylated form of LDLR interacts with ASGR
and is internalized by endocytosis (Nioi et al., 2012). In hypomorphic NEU1 mice, LDLR
is sialylated and therefore more stable on the hepatocyte surface and less prone to
recycling, leading to increased uptake of LDL by hepatocytes and decreased serum

cholesterol (Nioi et al., 2016).
1.5 ASGR and atherosclerosis

In addition to Neul, many other proteins are involved in lipid metabolism. One
such protein is the asialoglycoprotein receptor (ASGR). ASGR is an integral membrane
receptor and possess two homologous subunits, ASGR1, the major subunit and ASGR2,
the minor subunit (Gupta 2012). Each subunit contains four domains, including a
cytoplasmic domain, transmembrane domain, extracellular stalk and a carbohydrate

recognition domain with disulfide bridges (Fig. 1). As part of the C-type lectin family, it

7
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requires calcium ions for ligand binding (Gupta 2012). ASGR binds and mediates the
uptake and degradation of glycoproteins containing a terminal N-acetylgalactosamine or
galactose sugar via clathrin coated pits (Gupta 2012). These galactose residues are
exposed when terminal sialic acid residues are removed: substrates for ASGR consists of
asialylated glycoproteins which are generated by the action of sialidase (Tybjaerg-Hansen
2016). One study by O’Sullivan et al., demonstrated this relationship between sialic acid
and ASGR (2016). It was demonstrated that reduction of N-linked sialylation of the von
Willebrand factor (VWF) leads to increased clearance of this protein by ASGR

(O’Sullivan et al., 2016).

ASGR is expressed on the sinusoidal surface of mammalian hepatocytes and in
macrophages (Gupta 2012, Harris et al., 2012). Expression of ASGR vary between
hepatocytes and macrophages (Harris et al., 2012). THP1 macrophages express both
subunits of ASGR, at levels 4-6 times lower than in HepG2 cells (Harris et al., 2012).
This observation proposed the idea that macrophages may serve as a different, and
mobile source of ASGR (Harris et al., 2012). Differences in ASGR in the liver versus
macrophages could be attributed to splice variants of this protein (Harris et al., 2012, Liu

etal., 2010).

Previously, ASGR was hypothesized to be responsible for clearance of plasma
lipoproteins, but plasma lipoprotein levels were observed to be unaffected in ASGR
knockout mice along with circulating desialylated glycoprotein levels (Tozawa et al.,
2001). However, knockout mice were unable to clear exogenous sialylated glycoprotein,

indicating that ASGR is not essential under normal conditions (Tozawa et al., 2001). On

8
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the contrary, ASGR has been shown to play a role in the metabolism of both LDL
particles and lipoprotein (a), a subtype of LDL (Windler et al., 1991, Hrzenjak et al.,
2003). Windler demonstrated that ligands known to be specific for ASGR (ASGPs) were
able to compete with the binding of LDL and chylomicron remnants and that lipoproteins
were able to inhibit ASGPs from binding (1991). Furthermore, when an antibody against
ASGR was applied to HepG2 cells, association of remnants and LDL decreased (Windler
et al., 1991). Lipoprotein (a) was shown to be catabolized at a much faster rate in wild

type mice compared to ASGR knockout mice (Windler et al., 1991).

A very important study that revealed evidence towards a physiologic function for
ASGR was a recent genetic study of an Icelandic population. The study by Nioi et al.,
demonstrated that a loss of function of the primary subunit of ASGR, ASGR1, has shown
to have a strong link with reduction in non-HDL cholesterol levels in plasma and reduced
risk of coronary artery disease (2016). A deletion of 12 base pairs located in intron 4 of
ASGR1 was identified as having a causal association with this phenotype; a 34 percent
reduced risk of atherosclerosis and 9 percent reduction of non-HDL cholesterol (Nioi et
al., 2016). Interestingly, this reduction was much larger than that observed with other
genetic variants, however its effect on cholesterol levels was smaller, indicating that this
deletion may protect against the disease through other independent mechanisms, for
instance reduced inflammation (Nioi et al., 2016, Tybjaerg-Hansen 2016). One possibility
could be through the sialylation state of chemokines and their receptors which can

influence migration of inflammatory cells to atherosclerotic lesions (Nioi et al., 2016).
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The findings of this study in combination with that of the hypomorphic Neul
mice leads to the question: does sialylation play a role in the interaction between LDLR

and ASGR, and could it be used as a target for neutralizing ASGR (Nioi et al., 2016).

10
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— Sugar ligand (S)

—J

Carbohydrate recognition
domain

L Stalk region

Transmembrane domain

:Il,_ Cytoplasmic domain

Figure 1. ASGR protein structure. Each receptor is comprised of two major subunits
(ASGR1/ H1) and one minor subunit (ASGR2/ H2). ASGRI is synthesized as a type 11
transmembrane glycoprotein containing a cytoplasmic domain, transmembrane domain,
and an extracellular domain. The extracellular domain contains a stalk region that
contributes to oligomerization and a Ca2+ dependent C-type lectin domain that
recognizes and binds carbohydrates. (Modified from Das et al. 2019).

11
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1.6 Chemical Inhibitors

An important tool in the study of cell function, dynamics and signaling is the use
of chemical inhibitors. Inhibitors of endocytosis interfere with the invagination of the
plasma membrane into endosomes which modulates the uptake of ligands and receptors
such as LDLR and ASGR. Previous studies have begun to analyze the dynamics of these
proteins by way of inhibitors which prevent endosomal maturation for example
chloroquine and monensin. Chloroquine is a weak base which can raise the pH of cellular
compartments, which was originally employed as a medication for use in the treatment of
malaria (Mauthe et al.,2018, Al-Bari 2015). While it was previously understood that
chloroquine substantially lowers lysosomal acidity and therefore its degradative activity,
recent studies have shown its action is through blockage of autophagosome-lysosome
fusion and impairing receptor-mediated endocytosis (Mauthe et al., 2018). As a result of
reduced endocytic transfer, degradation of both ligand (EGF) and receptors (EGFR)

proteins was impaired (Mauthe et al.,2018).

1.7 Inhibitors effects on ASGR and LDLR

Studies looking at the effects of chloroquine on ASGR in HepG?2 cells have
observed reduction in surface ASGR through pulse chase experiments, attributing this
loss to impaired ASGR recycling rather than the effect of chloroquine on the receptor
directly (Schwartz et al., 1984). When looking at chloroquine’s effect on uptake of
asialylated glycoproteins, there is an inhibition of dissociation of ligands from their

receptor, resulting in failure to be degraded by lysosomes and their accumulation in

12
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endocytic vesicles (Harford et al., 1983). This study also noted a similar response to the

inhibitor monensin (Harford et al., 1983).

Monensin is a polyether antibiotic which prevents acidification of endosomes
(Dhaliwal, 2013). Studies have demonstrated its variety of effects on membrane
dynamics, including the disruption of membrane vesicle transport from the Golgi to the
membrane, interference with endocytosis related events and altered introduction of
membrane and secretory proteins to the cell surface (Tartakoff, 1983). When looking at
the effects of monensin on ASGR, studies in Huh7 hepatocytes showed a fifty percent

reduction in surface ASGR expression with monensin treatment (Stockert et al., 1995).

Effects of monensin and chloroquine have also been studied regarding cholesterol
metabolism. Both inhibitors were shown to inhibit the recycling of LDLR to the plasma
membrane in primary mouse hepatocytes without altering total cell expression, however
this same effect was not seen by chloroquine when looking at SRB1 surface expression

(Minahk et al., 2008).

1.8 Rationale and Objectives

Many factors have been identified thus far to play an important role in the
development of atherosclerosis. Recently, the notion that ASGR plays a role in
atherosclerosis and lipid metabolism was suggested by Nioi et al., (2016). Loss of
function variants of ASGR1 were demonstrated to be associated with a decrease in non-

HDL cholesterol levels and an even greater reduction in risk for cardiovascular disease.

13
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Additionally, it has been shown that in PCSK9 knockout hepatocyte cell lines, in which
LDLR levels are greatly increased, there is a concurrent significant increase in ASGR1
levels (Lebeau et al., unpublished data). This demonstrates that there is a correlation
between increased LDLR levels and increased ASGRI1 levels. Finally, in hypomorphic
Neul mice, increased levels and recycling of LDLR in the liver result in decreased
cholesterol levels in serum (Yang et al., 2012). The mechanism behind the effect of sialic
acid content on LDLR and LDL levels has yet to be understood, however one possible
mechanism is through the action of ASGR. With these lines of evidence, it is apparent
that Neul, LDLR and ASGR are all related in regulating cholesterol levels and ultimately
in risk for cardiovascular disease. The following aims will attempt to better understand

the mechanisms by which these proteins interact and regulate one another.

Objective 1

To examine the hypothesis that Neul actively regulates ASGR and LDLR levels,
we observed the effects of overexpression of Neul in a human hepatoma cell line,
HepG2. The liver is the main known source of ASGR protein expression and is known to
be highly expressed in the HepG2 cell line. Additionally, it plays an important role in
cholesterol metabolism and uptake of LDL and with significant impact on the
development of atherosclerosis. The effect of Neul overexpression on the expression of

LDLR and ASGR1 was assessed through Western blot.
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Objective 2

To investigate the hypothesis that knockdown of ASGR1 destabilizes LDLR
expression, ASGR1 was knocked down in HepG2 cells. The effect of ASGR1
knockdown on the expression of LDLR and ASGR1 was assessed through siRNA

transfections followed by Western blot analysis.

Objective 3

To elucidate how NEU1, ASGR1 and LDLR are associated with one another, we
next utilized chemical inhibitors of secretory and endocytic pathways and observed how
these proteins responded. We hypothesized if these proteins are working in conjunction,
they would display similar dynamics in response to these chemicals. HepG2 cells were
treated with monensin or chloroquine for increasing periods of time and protein
expression was assessed through Western blotting techniques. The effects of inhibitors on
the expression and localization of ASGR was visualized using immunocytochemistry.
The chemical inhibitors monensin and chloroquine are well characterized and have been
used extensively in the literature. They are known to affect the secretory and endosomal
pathways in which the proteins of interest may interact and were therefore selected to

monitor response of the proteins to endosomal inhibition.
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Objective 4

Previous studies have shown that NEU1 is responsible for modulating receptor
activity in various pathways through sialic acid removal, and in some cases has been
demonstrated to have this effect through a physical association, for example in
conjunction with CD36 (Kawecki et al., 2019).To analyze whether the association of
ASGRI1, LDLR and NEU1 was through a physical interaction, HepG2 cell lysates were
analyzed using immunoprecipitation in the presence or absence of monensin and MG132,
to prevent proteasomal degradation. Cells were fractionated into membrane and soluble

proteins to determine the location of potential interactions
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Chapter 2: Methods

2.1 Cell culture

HepG2 liver hepatocellular carcinoma cells were cultured with Dulbecco’s
modified eagle medium (DMEM) (Gibco, 11965092) containing 10% Fetal bovine serum
(FBS) (Gibco, A3160602), 1% penicillin/streptomycin/L-glutamine (Invitrogen,
15140122), and 0.1% Amphotencin B (Invitrogen, 15290018). Cells were kept in a 37°C
incubator with 5%CO; and 21% O. Cells were passaged with 1X DPBS (Gibco,

14190144) and 0.05% Trypsin-EDTA (Gibco, 2530054).

2.2 siRNA Transfections

HepG?2 cells were transfected with small interference RNAs (siRNAs) targeting
ASGR1 (Ambion, s224109) or a scramble siRNA (Ambion, 4611) as a negative control.
The transfection reagent Lipofectamine 3000 (Invitrogen, L3000001) was incubated with
siRNAS for 15 minutes at room temperature. After removal of culture media from cells,
OPTI-MEM media was added (Gibco, 31985088) along with the siRNA and
lipofectamine solution. Plates were incubated for 24 hours, media was removed and

replaced with DMEM before another 24 hours of incubation.

2.3 Adenoviral infections

An adenovirus expressing normal human sialidase was generated as per Pattison
et al., 2004 using a pDC316 shuttle plasmid and an adenoviral genomic plasmid. HepG2

cells were transduced with the adenovirus at MOI values of 0.1, 10 and 100 or a control
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empty plasmid (pFG) and incubated for 72 hours. Cells were then lysed and analyzed by

Western blot.

2.4 Protein assay

To determine total protein concentration of HepG2 cells lysates, the DC Protein
Assay (Bio-Rad, 5000111) was used. Bovine Serum Albumin (BSA) (NEB, 9998)
standards and samples were loaded in duplicate in a 96-well microplate. After addition of
protein assay reagents, the microplate was incubated at room temperature for 15 minutes.
Absorbance values to determine total protein concentration were determined using a

microplate reader (SpectraMax Plus 384).

2.5 Membrane extraction

Membrane protein extraction from HepG2 cells was performed using the Mem-
PER Plus Kit (Thermo Scientific, 89842Y). The adherent mammalian cells protocol was
followed. Cells were resuspending in the growth media using a cell scraper followed by
centrifugation at 300g for 5 minutes. The cell pellet was washed twice with 3mL and
1.5mL of cell wash solution and centrifuged for 5 minutes at 300g. Protease inhibitors
(Thermo Scientific, 1862209) were added to the permeabilization and solubilization
buffers. To the cell pellet, 0.75mL of permeabilization buffer was added followed by
briefly vortexing to homogenize and incubation for 10 minutes at 4°C with rotation.
Permeabilized cells were centrifuged for 15 minutes at 16000g at 4°C. The supernatant
containing cytosolic protein was transferred to a fresh tube. The cell pellet was

solubilized by resuspension in 0.5mL of solubilization buffer and a 30 minute incubation
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with rotation at 4°C. After centrifuging at 16000g for 15 minutes at 4°C, the supernatant
containing membrane and membrane-associated proteins was added to a new tube and

proceeded to immunoprecipitation.

2.6 Immunoprecipitation

HepG?2 cells were washed with cold 1X DPBS (Gibco, 14190144) and lysed in
RIPA lysis buffer (50mM Tris-HCI pH 8, 150mM NaCl, 0.5% sodium deoxycholate, 1%
NP40, and 0.1% SDS) with protease inhibitors (Thermo Scientific, 1862209) and EDTA
(0.5M) if not already solubilized from membrane extraction. Proteins of interest were
immunoprecipitated with target-specific antibodies conjugated to Dynabeads Protein G
(Life Technologies, 10004D). Antibodies were each diluted in 200uL. DPBS with 0.02%
Tween-20 at varying concentrations (1-5pg) and added to 20uL of the Dynabeads. To
allow the antibody to bind to the beads, tubes were incubated with rotation for 1 hour at
4°C. Samples were then added to the Dynabeads-Antibody complex and incubated
overnight with rotation at 4°C. Magnetic beads were collected on a magnetic and washed
3 times with 200uL wash buffer (DPBS, 0.02% Tween-20), separating the beads on the
magnet and removing the supernatant between each wash. Magnetic beads were then
resuspending in 100uL wash buffer and transferred to a clean bead to avoid coelution of
protein bound to the tube wall. After separation on the magnet and removal of the
supernatant, 20uL of loading buffer (1X LSB) was used to resuspend the beads. Samples
were heated for 10 minutes at 70°C followed by separation of the sample from the beads

on the magnetic rack. Samples were then analysed by Western blot.
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2.7 Western blot analysis

Western blotting was used for protein analysis of HepG2 cell lysates. If not
already lysed, cells were rinsed with cold 1X DPBS (Gibco, 14190144) and lysed in
RIPA lysis buffer (50mM Tris-HCI pH 8, 150mM NaCl, 0.5% sodium deoxycholate, 1%
NP40, and 0.01% sodium dodecyl sulfate) with protease inhibitors (Thermo Scientific,
1862209) and EDTA (0.5M). Samples were boiled in 6X Laemmli Sample Buffer (0.5M
Tris pH 6.8, 1.2% SDS, 50% Glycerol, 600mM DTT and 0.3% Bromophenol Blue) at
100°C for 10 minutes. Equal protein amounts of each sample were separated by SDS-
PAGE using 5-10% protein gels (0.5M-1.5M Tris pH 8.8, 40% Polyacrylamide and 1%
APS) for 120 minutes at 100V at room temperature and transferred onto nitrocellulose
membrane for 1 hour at 100V at 4°C. Membranes were blocked with 5% non-fat dry milk
(Carnation) in Tris- buffered saline with 0.1% Tween-20 (TBST), incubated with primary
antibody in 5% milk TBST overnight at 4°C. Primary antibody was removed and
membranes were washed with TBST 4 times for 10 minutes, followed by incubation with
horseradish peroxidase conjugated secondary antibody in 5% milk TBST for 1 hour at
room temperature. Membraned were washed 4 times with TBST for 10 minutes before
incubation with Amersham ECL Western Blotting Detection Regents (GE Healthcare,
RPN2106). Blotted membranes were exposed using Amersham Hyperfilm ECL film (GE
Healthcare, 28906839) for various time increments and developed. If blots were to be
analyzed for other proteins of interest, membranes were rinsed with TBST and stripped
with stripping buffer (Glycine, SDS, Tween-20, pH 2.2) twice for 10 minutes before re-

blotting.
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2.8 Western blot quantification

Densitometry was measured through the gel analysis feature in ImagelJ (v1.52a,
NIH, USA) using scans of films in JPEG format. Values were normalized to respective

GAPDH or B-actin measurements.

2.9 Immunocytochemistry

HepG2 cells were plated onto 12mm circular glass coverslips (Fisher Scientific,
1254580) nested in a 24-well plate and cultured for 24 hours before treatment. After
treatment, cells were washed in cold DPBS two times for 1 minute, followed by fixation
in 3.5% formaldehyde (Caldeon, 3500-1) in DPBS for 45 minutes at room temperature.
Next, 0.5% Triton-X 100 in DPBS was used to permeabilize cells for 30 minutes. Cells
were blocked with 10% Goat serum in DPBS for 1 hour before incubation with primary
antibody cocktail. Primary antibody was diluted 1:200 in 10% Goat serum in DPBS and
left on cells overnight at 4°C. Cells were washed 6 times for 5 minutes at room
temperature using 0.05% Tween 20 in DPBS. A cocktail of corresponding secondary
antibodies was diluted in 10% goat serum at a 1:500 dilution and added to cells for 1 hour
at room temperature and washed 6 more times for 5 minutes, as above. Finally, glass
coverslips were rinsed with double distilled H>O mounted onto microscope slides using
ProLong Gold antifade reagent with DAPI (Invitrogen, P36941) to visualize nuclei.

Slides were left at room temperature for 1 hour to dry followed by storage at -20°C.
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2.10 Fluorescence Microscopy

Immunofluorescence slides were imaged using a fluorescent microscope (Zeiss,
Axiovert200) under the 40x magnification lens. Images were captured using the Leica
AxioVision software (V4.8.2.0) using multidimensional acquisition to view the double or

triple labeling.

2.11 Antibodies

The following primary antibodies were used in Western blot and
immunofluoresence analysis: anti-NEU1 (mouse anti-NEU1, 1:100, Santa Cruz, sc-
166824), anti-ASGR1 (rabbit anti-ASGR1, 1:1000, Proteintech 117391AP, anti-hLDLR
(goat anti-hLDLR, 1:1000, R&D Systems AF2148), and anti-GAPDH (goat anti-
GAPDH, 1:1000, R&D Systems AF5718). The respective secondary antibodies used
were anti-mouse IgG HRP (1:2000, Cell Signaling 7076S), anti-rabbit IgG HRP (1:2000,
Cell Signaling 7074S) and donkey anti-goat IgG HRP (1:2000, Invitrogen A15999) for
Western blot experiments. For immunofluorescence experiments Alexa Fluor 488 anti-
mouse IgG (Invitrogen, A11029) and Alexa Fluor 594 anti-rabbit IgG (Invitrogen,

A11037) were used.

2.12 Statistical Analysis

For comparisons of data sets involving two groups, t-tests were used at P<0.05 to
determine a significant difference between means. For comparison of data sets with three
or more groups, One-way ANOVA was used at P<0.05 to determine significant

differences between means. Dunnett’s multiple comparison test was used to determine
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which groups were significantly different. Statistical analysis was performed using

GraphPad Prism 6 (V6.01).
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Chapter 3: Results

3.1 NEUI1 overexpression in HepG2

To examine the hypothesis that NEU1 actively regulates LDLR levels and in turn
may affect ASGR levels, the effect of NEU1 overexpression on LDLR and ASGR1
expression was assessed. HepG2 cells, a human hepatocyte cell line, was transduced with
an adenovirus expressing his-NEUT1 at various multiplicity of infections (MOI) and
incubated for 24 hours. Protein expression of NEU1, LDLR and ASGR were analyzed
using Western blotting (Fig. 2). Experiments demonstrated that overexpression of NEU1
in HepG?2 cells was correlated with increased levels of ASGR1 and LDLR protein levels.
Expression of His-NEUT is significantly present at a MOI of 10, to a lesser extent at 100
MOI, but not at 0.1 MOI (Fig. 2D). In HepG2 cells significantly overexpressing his-
NEUI, a significantly increased expression of both LDLR and ASGR1 is observed (1B,
C). However, in cells expressing little or no his-NEU1, LDLR and ASGR1 protein

expression is comparable to control cells or those transduced with a control empty virus

(pFG).
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Figure 2. NEU1 over-expression effect on LDLR and ASGR1 protein levels. Transduced
HepG?2 cells were analyzed by Western blot. Cells were treated with increasing
concentrations of a control virus (pFG) and a his-NEU1 expressing Adenovirus (Ads) for
72 hours. A) Cell lysates were subjected to SDS-PAGE (10%) and membranes were
probed with anti-LDLR, anti-ASGR1, anti-RGS-His and anti-B-actin as a loading control.
Densitometry of immunoblot bands was measured using ImageJ and normalized to the
loading control. Expression of LDLR and ASGRI are significantly increased with NEU1
overexpression at 10 MOI (B,C,D). E) Expression of His-NEU1 is significantly present at
10 MOI of the NEU1 adenovirus. The results indicate that the expression of LDLR and
ASGRI1 are affected by overexpression of NEU1. Representative blots for n=3 for each
group. One-way ANOV A, Dunnett’s multiple comparison test *P < (.05, **P < (0.01.
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3.2 Effect of ASGR1 Knockdown on NEU1 and LDLR

To further examine if the expression levels of NEU1 and LDLR is dependent on ASGR1
expression, the effect of knocking down ASGR1 on NEU1 expression in HepG2 cells
was assessed. Cells were transfected with scrambled siRNA or siRNA specific to ASGR1
for 24 hours and protein expression was analyzed by Western blot (Fig. 3) Results
showed a significant decrease in ASGRI1 levels in cells treated with ASGR1 siRNA (Fig.
3B). When compared to control cells and those treated with scrambled siRNA, cells with
ASGRI1 knocked down had a significant decrease in LDLR expression as seen in
densitometry analysis (Fig. 3C). However, NEU1 levels appear to be unaffected by

knockdown of ASGRI1 (Fig. 3D).

3.3 Effects of Monensin on ASGR1, LDLR and Neul expression and secretion

To elucidate if NEU1, ASGR1 and LDLR are associated with one another, we
next utilized chemical inhibitors of secretory and endocytic pathways and observed how
these proteins responded. We hypothesized if these proteins associate at early stages of
synthesis , they would display a similar expression pattern in response to these inhibitors
of secretion . To investigate this hypothesis, HepG2 cells were treated with monensin, an
early endosomal proton transport inhibitor that prevents endosome maturation. Monensin
treatment inhibits recycling from the early endosome and is expected to cause the
accumulation of ASGR1 and LDLR. Cells were exposed to the treatment for 0, 6, 12 or
24 hours. In addition to cell lysates, the media of each sample was collected to asses

protein secretion. Protein levels were analyzed and quantified using Western blot and
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densitometry (Fig. 4). At 24 hours of exposure to monensin, protein levels of LDLR were
increased by 3 fold when compared to the control (Fig. 4). With increasing exposure to
monensin, a gradual decrease in levels of full length ASGR1 was observed, however a
lower molecular weight form of ASGR1 accumulated by 24 hours of treatment (Fig. 4C).
Expression of NEU1 was increased not only within the cell but was shown to be secreted

and detected in the media in increasing amounts with increasing exposure to monensin.
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Figure 3. Effect of ASGR1 knockdown on LDLR and NEU1 protein expression. Western
blot analysis of LDLR, ASGR1 and NEU1 expression in transfected HepG2 cells. Cells
were treated with scrambled siRNA (Negative) or ASGR1 siRNA (ASGR1 KD) for 24
hours. Cell lysates were subjected to SDS-PAGE (10%). Membranes were probed with
anti-LDLR, anti-ASGR1, anti-NEU1 and anti- B-actin or anti-GAPDH as a loading
control. Band intensities for LDLR (B), ASGR1 (C) and NEU1 (D) were measured by
ImagelJ software and normalized. Reduction of ASGR1 expression by siRNA knockdown
(C) leads to decreased levels of LDLR (B). This indicates these proteins could be
associated with one another. Representative blots for n=3 for each group. Unpaired t-test
*P <0.05, **P <0.01.
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Figure 4. Expression of NEU1, ASGR1 and LDLR protein expression and secretion in
HepG2 cells with increased exposure to monensin treatment. A) HepG2 cell lysates were
separated by SDS-PAGE (10%) after monensin treatment of 0, 6, 12 or 24 hours
(BuM)(Lanes 1-4). Cell media was collected and concentrated using protein concentration
columns for each respective treatment (Lanes 5-8). Blotting was performed using anti-
LDLR, anti-ASGR1, anti-NEU1 antibodies and anti-GAPDH as a loading control.
Densitometry of immunoblot bands for LDLR/GAPDH (B), ASGR1/GAPDH (C) and
NEU1/GAPDH (D) demonstrate accumulation of LDLR and NEU1 inside cells with
monensin treatment while secretion of NEU1 appears to be increased by 24 hours
treatment. In addition, a decrease in the expression level of mature ASGR1 and
accumulation of a truncated ASGR1 isoform (*) was apparent after 24h of monensin
treatment. Representative blots for n=2 for each group
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3.4 Monensin mediated effects of ASGR1 expression and distribution

To further understand how ASGRI respond to monensin treatment which inhibits
recycling from the early endosome, their intracellular localization was analyzed through
immunocytochemistry after 24 hours of treatment (Fig. 5). Cells were either
permeabilized with Triton-X to observe total cell ASGR1 or left unpermeabilized to
assess cell surface ASGR1. With exposure to monensin, ASGR1 appeared to accumulate
within cells and staining was more clustered when compared to punctate perinuclear
staining in the control (Fig. 5A). When compared to the punctate staining in
unpermeabilized control samples, cells treated with monensin had a more diffuse and
even staining pattern. Staining intensity was quantified by rating 100 cells from each
treatment group on a scale from low to high intensity staining (Fig. 6). For staining of the
total HepG2 cell, untreated cells (UP) were most frequently rated at an intensity of 3, and
when compared to those exposed to monensin (MP), significantly more cells were rated
at an intensity of 4, along with significantly less cells rated at an intensity of 1 (Fig. 5B).
Untreated cells stained with anti-ASGR1 on the cell surface (UU) had a median rating of
2, while those treated with monensin had significantly more cells rated ata 1 or a 2.
These results indicate that ASGR1 is accumulating inside the cell and decreased on the
cell surface in response to monensin treatment suggesting active recycling of the ASGR1

protein.
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Figure 5. Cell surface and total ASGR localization and expression in response to
monensin treatment A) Localization of ASGR1 protein in HepG2 cells by
immunocytochemistry. HepG2 cells were grown on glass coverslips, and permeabilized
with Triton-X or left unpermeabilized to stain the cell surface. Cells were stained with
anti-ASGR1 antibody and nuclear counterstain DAPI after 24 hour monensin treatment
(3uM). Permeabilized control cells showed punctate perinuclear staining compared to a
more intense clustered perinuclear staining with monensin treatment. ASGR1 on the cell
surface of control cells was weaker with membranous punctations. With monensin
treatment staining was more even and diffuse B) Quantification of ASGR1 staining
intensity in HepG2 cells. n=100 cells were rated on a 1-4 scale from low to high intensity.
Increased ASGRI1 staining inside cells and decreased cell surface ASGR1 after 24 hour
monensin treatment. Monensin treatment appears to impair transport of ASGR1 to the
cell surface as it remains trapped inside the cell. Chi-square goodness of fit test, all
groups compared to untreated control cells. *P < 0.05, **P <0.01, ***P <(.001.
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Permeabilized

Unpermeabilized

Figure 6. Representative images of ASGR1 staining intensity in permeabilized and
unpermeabilized HepG2 cells, ranging from low (1) to high (4). HepG2 cells were grown
on glass coverslips, and were either permeabilized with Triton-X or left unpermeabilized
to stain the cell surface. Cells were stained with anti-ASGR1 antibody and nuclear

counterstain DAPI.
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3.5 Effect of Chloroquine on protein expression

In addition to the chemical inhibitor monensin which is an endosomal recycling
inhibitor, the dynamics of NEU1, LDLR and ASGR1 were observed in response to
chloroquine, an inhibitor of endosomal acidification and lysosomal maturation (does not
affect recycling). HepG2 cells were treated with chloroquine for 0, 6, 12 or 24 hours and
both cell lysates and media were collected to analyze protein expression. Western blot
analysis was used to observe levels of LDLR, ASGR1 and NEU1 (Fig. 7A). After 24
hours exposure to chloroquine, expression of LDLR, ASGR1 and NEU1 were all
increased (Fig. 7B-D). Furthermore, NEU1 was detected in the media starting at 6 hours

of treatment and increasing over time.
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Figure 7. ASGR1, LDLR and NEUT response to inhibition of lysosomal maturation. A)
Western blot analysis of NEU1, ASGR1 and LDLR protein expression and secretion in
HepG2 cells with increased exposure to chloroquine treatment. HepG2 cell lysates were
separated by SDS-PAGE (10%) after chloroquine treatment of 0, 6, 12 or 24 hours
(10uM)(Lanes 1-4). Cell media was collected and concentrated using protein
concentration columns for each respective treatment (Lanes 5-8). Blotting was performed
using anti-LDLR, anti-ASGR1, anti-NEU1 antibodies and anti-GAPDH as a loading
control. Densitometry of immunoblot bands was measured using ImageJ and normalized
to GAPDH. Accumulation of LDLR (B), ASGR1 (C) and NEU1 (D) with Chloroquine
treatment. Secretion of NEU1 appears to be increased by 24 hours treatment. The results
indicate that these proteins are behaving in conjunction and therefore may be associated.
Representative blots for n=2 for each group.
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3.6 ASGRI1 localization and expression altered by chloroquine

The effects of chloroquine were further analyzed using immunocytochemical
localization of ASGR1 (Fig. 8). HepG2 cells were cultured and treated with chloroquine
for 24 hours. In treated permeabilized cells, both perinuclear and cytoplasmic clusters of
staining were seen compared to punctate perinuclear staining in untreated cells. In
unpermeabilized cells, a chloroquine induced massive accumulation of ASGR1 on the
cell membrane in contrast to a more even punctate pattern in the untreated cells (Fig.8A).
Quantification of staining intensity in unpermeabilized cells showed a significant increase
of ASGR1 both for total cell and cell surface (Fig. 8B). Cells treated with chloroquine
showed a significant increase in cells with a staining intensity rating of 4 and a significant
decrease of cells rated at 1 and 2 compared to the control. A very significant increase in
cells rated at an intensity of 4 for ASGR1 staining on the cell surface was present with
treatment. These results are consistent with the increase in ASGR1 expression observed

by Western blot analysis.
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Figure 8. A) Localization of ASGR1 protein in HepG2 cells by immunocytochemistry
after 24h chloroquine treatment. HepG2 cells were grown on glass coverslips, and either
permeabilized with Triton-X or left unpermeabilized were stained with anti-ASGR1
antibody and nuclear counterstain DAPI after 24 hours chloroquine treatment (10uM).
Permeabilized cells treated with chloroquine showed perinuclear and cytoplasmic clusters
of staining compared to more punctate perinuclear staining in the control. On the cell
surface massive accumulations of staining were observed compared to much weaker
punctate pattern in untreated cells. B) Quantification of ASGR1 staining intensity in
HepG2 cells. n=100 cells were rated on a 1-4 scale from low to high intensity. Significant
increase of ASGRI staining inside cells. Chloroquine induced massive accumulation of
ASGRI1 to membrane. Chi-square goodness of fit test, all groups compared to untreated
control cells. **P < 0.01, ***P < (0.001, ****P <(0.0001.
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3.7 NEU1/LDLR/ASGRI1 association analysis

Since previous experiments suggested that NEU1, ASGR1 and LDLR are
behaving similarly, we wanted to establish whether this was through a physical
association. To analyze if potential associations were occurring at the membrane or in the
soluble fraction, HepG2 cells were grown and treated with or without monensin for 24
hours and fractionated into subcellular compartments. Co-immunoprecipitation and
western blot allowed the isolation of proteins of interest and potential binding partners.
At the cell membrane, no apparent association was seen between NEU1, ASGR1 or
LDLR (Fig. 9A). Interestingly, at the membrane both full length and truncated ASGR1
were detected with monensin treatment, as seen in previous experiments on total cell
lysates. When analyzing soluble proteins, LDLR is pulled down with NEU1 both with

and without monensin (Fig. 9B).

HepG2 cell membrane proteins were further analyzed through
immunoprecipitation with the addition of MG132 to both the control and monensin
treatment groups (Fig. 10). This was included to prevent degradation of membrane
proteins by the proteasome. Again, no detectable association between NEU1, LDLR and

ASGRI1 was present at the membrane.
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Figure 9. Analysis of protein interactions in HepG2 cells with monensin treatment. Co-
immunoprecipitation of membrane (A) and soluble (B) proteins from HepG2 cells with
anti-ASGR1, anti-NEUT or rabbit IgG as a control. Cells were treated with monensin for
24 hours. Lysates were separated by SDS-PAGE (10%) and blotted for anti-ASGR1, anti-
NEUI and anti-LDLR. Monensin-mediated fragmentation of ASGRI is present at the
membrane. While no apparent association of ASGR1 with NEUT1 at the cell membrane.
LDLR and NEU1 appear to co-precipitate from the cytosol extract.
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Figure 10. Analysis of protein interactions in HepG2 cells with monensin and MG132
treatment. Membrane proteins from HepG2 cells immunoprecipitated with anti-NEUT,
anti-LDLR or rabbit IgG as a control. Cells were treated with or without monensin for 24
hours in the presence of MG132 (1uM). Lysates were separated by SDS-PAGE (10%)
and blotted for anti-ASGR1, anti-NEU1 and anti-LDLR. Reduced LDLR expression with
monensin treatment at the membrane. No apparent association between NEU1, LDLR
and ASGR1 at the membrane.
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Chapter 4: Discussion

4.1 NEU1 overexpression in HepG2

This experiment involved the use of three different multiplicity of infection values
(MOI) to obtain an optimal expression of his-NEU1 virus in HepG2 cells for NEU1
overexpression. While a MOI of 0.1 appeared to be inadequate to show successful
transduction, RGS-His was found to be expressed at a MOI of 10 and 100. At a MOI of
100, cell viability seems to be affected, with expression of both LDLR and ASGR1
reduced to levels below that of the control. At a MOI of 10, western blot analysis of
HepG2 cells overexpressing NEU1 revealed this increase is correlated with an increase of
both ASGR1 and LDLR protein levels (Fig. 2). These results could indicate that in the
presence of NEU1 overexpression, the elevated expression of ASGR1 is a result of a
direct interaction of these two proteins. However, co-immunoprecipitation analysis in
later experiments suggests that this is not the case (Fig. 9, 10). More likely the
overexpression of NEU1 is providing more substrate for ASGR. More NEU1 present in
the cell would allow glycoproteins to be desialylated and therefore available for ASGR to
bind and degrade. An upregulation of ASGR may be an attempt to offset this additional
substrate. No previous studies have looked at the effects of manipulating NEU1 on
ASGR. It would be meaningful to assess the expression, activity and localization of
NEUI1 in B6.SM mice, in which NEUT1 expression and activity are significantly reduced

(Yang et al., 2012).
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In addition to elevated ASGR1, LDLR protein levels simultaneously increased
with NEU1 overexpression. This result may indicate that NEU1 is allowing the
stabilization of LDLR. Previous studies that have demonstrated NEU1 as an important
regulator of receptor-mediated signaling. At the plasma membrane, NEU1 de-sialylates
and activates receptors involved in inflammation, immunity, and phagocytosis
(Pshezhetsky and Ashmarina 2013). Desialylation of TLR4 by Neul has been shown to
be essential for the activation of this receptor in macrophages and dendritic cells (Amith
et al., 2010). In contrast to our experiments where overexpression of Neul leads to
stabilization of asialylated LDLR, researchers have suggested that sialylated LDLR is
more stable and less prone to recycling, as seen in studies done in hypomorphic NEU1
mice (Yang et al., 2012). It is thought that in its asialylated form, LDLR interacts with
ASGR, leading to endocytic recycling (Nioi et al., 2016). Since in our experiment levels
of both LDLR and ASGR increase with Neul overexpression, an alternate explanation
could be that ASGR is allowing stabilization of LDLR at the cell surface (Fig. 11). This

hypothesis is further supported when looking at knockdown of ASGRI1.

4.2 Effect of ASGR1 Knockdown on NEU1 and LDLR

Knockdown experiments of ASGR1 in hepatoma cells show a subsequent
decrease in LDLR expression through western blot analysis, with NEU1 expression
unaffected (Fig. 3). This result indicates LDLR 1is destabilized in the absence of ASGR.

This provides further evidence that these proteins are associated with one another. It has
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been reported that loss of function (LOF) variants of ASGR1 are associated with
decreased LDL cholesterol (Nioi et al., 2016). In the case where ASGR is stabilizing
LDLR, perhaps interactions between ASGR and LDLR impair uptake of LDL by LDLR,
explaining the observation that patients with LOF ASGR1 would be able to take up more

LDL into the liver, decreasing serum cholesterol levels.

Lastly, Neul expression is unaltered in HepG2 cells with reduced ASGR1
expression. This has been previously observed in mice lacking the ASGR1 subunit with
no difference in Neul expression or activity (Yang et al., 2015). While ASGR is
dependent on the action of Neul, by providing substrates through desialylation of

glycoproteins, NEU1 expression is not dependent on ASGR.
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Figure 11. Proposed mechanism for association of ASGR, LDLR and NEU1 in HepG2
cells. NEU1 allows stabilization of ASGR and LDLR on the cell surface. NEU1 provides
substrates for ASGR, leading to increased ASGR expression. Presence of ASGR on the
cell surface allows stabilization of LDLR.
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4.3 Effects of Monensin on ASGR1

The expression of ASGR1 protein was analyzed in response to the inhibitor
monensin, which blocks recycling to the membrane. Western blot analysis of total HepG2
cell lysates was analyzed with increasing exposure to monensin (Fig. 4). A gradual
decrease in levels of full length ASGR1 was observed with a lower molecular weight
isoform of ASGR1 accumulating by 24 hours of treatment. This truncated ASGR1 is also
present at the membrane, as seen in immunoprecipitation of HepG2 cell membrane

proteins (Fig. 9).

The presence of truncated ASGR1 with treatment reveals that blocking recycling
through monensin leaves ASGR1 susceptible to cleavage. The possibility of changes in
glycosylation explaining the appearance of truncated ASGR1 is not likely as LDLR
which is also a glycosylated protein remained unaffected, therefore serving as a positive
control. Experiments involving the inhibitor chloroquine, in which lysosomal degradation
is also blocked but recycling to the membrane is not, did not show the accumulation of
truncated ASGR1 (Fig. 12). This indicates that this isoform is not a product of being

directed to the lysosome, but is associated with recycling.

Quantification of immunolabelling showed increased ASGR1 staining inside cells
and decreased cell surface ASGR1 with treatment. This agrees with previous studies in
Huh7 hepatocytes which showed a reduction in surface ASGR expression with monensin
treatment (Stockert, 1995). These results indicate that monensin treatment traps ASGR 1

inside the cell and impairs transport of ASGRI1 to the cell surface. Trapping of ASGR1 in
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endosomes leaves ASGR1 susceptible to cleavage into the new isoform.
Immunoprecipitation of HepG2 cells membrane protein brought down truncated ASGR1,
indicating it is a transmembrane and not a soluble protein. Therefore, this is evidence that
ASGRI1is cleaved at the endosome. Endosomal proteases are known to both activate and
inactivate internalized proteins through cleavage (Authier et al., 1996). Two possibilities
exist as to which portion of ASGRI1 is being cleaved off. In the case where ASGRI1 is
cleaved at the cytoplasmic tail, this would account for a 4.7 kDa loss in molecular weight.
The other more likely possibility is that this ASGR1 isoform is lacking a portion of the
lectin binding site in the extracellular domain. This could be validated through isolation
and analysis of this ASGR1 isoform. Interestingly, it is possible that the tip of the lectin
binding site is cleaved in endosomes before recycling and secretion to prevent binding of

glycoproteins extracellularly.

47



M.Sc. Thesis — K. Fisher McMaster University - Biology

LDLR ASGR « NEU1

/ \ Endocytos{;\ f::;'c ling f f—} Monensin

Early i -
endosome Slow
‘Secretory recycling f
\ pathway (4 \
Retrograde Endocytic
trans-Golgi 5 transport recycling
Y @ tment
v\network W~ - / Vste compartmen
) ) endosome
= Colgi Endolysosomal
apparatus ot
Monensin and
chloroquine —/|_l\
Endoplasmic i
reticulum Endolysosome

Lysosome

: ) Degradation
il

Figure 12. Endolysosomal pathways blocked through monensin and chloroquine.
Monensin blocks slow and fast recycling. Both chloroquine and monensin block
formation of endolysosome and degradation. (Modified from Cullen and Steinberg, 2018)
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4.4 Monensin’s effect on LDLR and NEU1

At 24 hours of exposure to monensin, protein levels of LDLR in total HepG2 cell
lysates were increased by 3 fold when compared to the control (Fig. 4). Previous work
has shown that monensin inhibits recycling of LDLR to the membrane but does not alter
total cell expression (Minahk, 2008). Researchers used primary mouse hepatocytes which
were treated with monensin for just 1 hour before analysis, whereas in the current study,
increased LDLR expression was not evident until 24 hours treatment. Since monensin
inhibits recycling to the plasma membrane, this results in the accumulation of LDLR

intracellularly.

Expression of NEU1 was increased not only within the cell but was shown to be
secreted and detected in the media in increasing amounts with increasing exposure to
monensin. Monensin has been previously shown to be responsible for stimulating release
of other lysosomal enzymes in macrophages, including -glucuronidase, f3-
hexosaminidase and P -galactosidase (Takano et al., 1984). Notably, the secretion of
these enzymes required a high concentration of monensin and was proportional to the
concentration in this study. Researchers attributed this observation to increased cellular
pH. Trafficking of lysosomal enzyme from the Golgi complex to lysosomes is mediated
through receptor transport. Interrupting dissociation of receptors and enzymes which
requires an acidic environment could lead to mistransport of these enzymes to the

membrane (Fig. 13).

49



M.Sc. Thesis — K. Fisher McMaster University - Biology

oL &9 38)

. NEU1
LDLR ASGR .

i

K.
& o # Clathrin
W& ‘)\’ coated vesicle

\ Truncated
ASGR1
Recycling 1

Early
‘w., endosome

£y @ X

COxE o

Lysosome Late endosome

Figure 13. Proposed mechanisms and effect of monensin on ASGR1, LDLR and NEUI.
Lower molecular weight ASGR1 is present with monensin treatment. Blocking of
recycling may leave ASGR1 susceptible to proteolysis. Trapping of ASGR1 inside the
cell and impaired transport to the cell surface result in increased total cell expression of
ASGR1 and reduced cell surface ASGR1. Increased levels of LDLR are observed as a
result of inhibition of endocytosis and therefore reduced degradation by lysosomes.
NEUI1 expression and secretion is increased due to interrupted transport to lysosomes and
increased trafficking to the membrane.
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4.5 Effects of Chloroquine on ASGR1

The consequences of chloroquine treatment on ASGRI1 expression was analyzed
through Western blot and immunocytochemistry (Fig. 7, 8). After 24 hours exposure to
chloroquine, expression of ASGR1 in total HepG2 cell lysates was found to be increased.
Immunostaining of ASGR1 showed that while ASGR1 levels were increased for total cell
staining, there was also a very significant accumulation of ASGR1 seen on the cell

surface.

Chloroquine has been proven to act through both blocking fusion of endosomes
and lysosomes in addition to impairing receptor-mediated endocytosis (Steinman et al.,
1983, Wang et al., 1993). By blocking these two processes, there will be a reduction of
endocytic transfer of ASGR present on the cell surface, and ASGR that is on the path to
degradation will fail to be processed and broken down by lysosomes, resulting in
accumulations both inside the cell and on the membrane. Previous studies that have
looked at the effects of chloroquine on ASGR in HepG?2 cells through pulse and chase
experiments concluded there is a reduction in surface ASGR due to impaired ASGR
recycling (Schwartz et al., 1984). The researchers treated cells with chloroquine for 30
minutes before chasing labelled ASGR over a 2 hour period, in contrast to the 24 hour
treatment used in our experiments as well as analyzing ASGR levels as a steady state.
Therefore, longer exposures to monensin allow accumulation of ASGR inside and on the

cell surface (Fig. 14).
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4.6 LDLR and NEU1 response to Chloroquine

Western blot analysis was also used to analyze effects of chloroquine treatment on
LDLR and NEU1 expression (Fig. 7). Expression of both LDLR and NEU1 were
elevated after 24 hour chloroquine treatment. As a result of blocking lysosomal
maturation and endosomal acidification, degradation of these proteins was impaired,
resulting in their accumulation in the cell. Previous work has also shown that chloroquine
inhibits recycling of LDLR to the membrane without altering total cell expression with 1
hour chloroquine treatment (Minahk 2008). Since chloroquine treatment was only
incubated for 1 hour, this demonstrates the accumulation of LDLR may not come to
fruition unless exposed to chloroquine for longer. Increased LDLR expression was not

evident until 6 hours chloroquine treatment in the present study.

In addition to elevated NEU1 expression, NEU1 was detected in the media at 6,
12 and 24 hours chloroquine treatment, with increasing amounts accumulating over time.
Previous work in fibroblasts have noted that chloroquine enhances the secretion of 3-
hexosaminidase, possibly by depleting free receptors involved in enzyme transport
(Gonzalez-Noriega et al., 1980). This leads to failure of lysosomal enzymes to be
segregated into lysosomes and therefore released into the media (Fig. 14). This may also
explain the effects of chloroquine on NEUT1 secretion through inability to be
compartmentalized through M6P receptors for example, which have been shown to have
altered distribution in response to chloroquine (Mauthe et al., 2018). Another possibility

could be the targeting of NEU1 to the plasma membrane by sorting to major histo-

52



M.Sc. Thesis — K. Fisher McMaster University - Biology

compatibility complex II-positive vesicles, which merge with the plasma membrane, as

seen in THP-1 macrophages (Liang et al., 2006).
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Figure 14. Effect of chloroquine on LDLR, ASGR1 and NEU1 and proposed
mechanisms. Chloroquine is known to block endosome-lysosome fusion and impair
clathrin-meditated endocytosis. Increased total cell expression of LDLR and ASGRI as a
result of failed degradation by lysosomes, causing accumulation in endocytic vesicles.
Increased surface expression of ASGR1 and LDLR expression are observed due to

impaired endocytosis. NEU1 accumulation and secretion due to failure of

compartmentalization to lysosomes followed by mistransport to the membrane.
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4.7 NEU1/LDLR/ASGRI1 association analysis

Past and current research indicate that NEU1, ASGR1, and LDLR are somehow
associated. Therefore, immunoprecipitation analysis was used to asses whether this
interaction was through a physical association by isolating these proteins and their
potential binding partners. At the membrane, no apparent association was seen between
NEUI1, ASGRI, or LDLR. This same result was seen after addition of MG 132, indicating
that it is not proteasomal degradation of ASGR and LDLR that accounts for the lack of
detectable co-precipitation of ASGR1 with LDLR or NEU1. The results indicate that

these proteins are not detectably interacting at the HepG2 cell membrane.

A recent study investigated interaction partners of NEU1 in macrophages,
identifying interactions between NEU1 and CD36 at the plasma membrane (Kawecki et
al., 2019). CD36 is a scavenger receptor and plays a role in many diseases, including
atherosclerosis, playing roles in inflammation, foam cell formation and thrombosis. The
study also identified many candidates of interaction partners, including proteins localized
to the membrane, cytoskeleton and cytoplasm, with some noted to be involved in vesicle
trafficking. Analysis of soluble proteins in HepG2 cells showed that LDLR is pulled
down with NEU1 both with and without monensin. This indicates that these may be
interacting as they co-precipitated. As LDLR is not a soluble protein, this could indicate

membrane contamination in the soluble fraction.
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Conclusion

Recently, the notion that ASGR plays a role in atherosclerosis and lipid
metabolism was suggested, however the mechanisms behind this effect had not been
investigated. The current study sought to understand the possibility of NEU1 regulating
interactions between ASGR and LDLR. Previous studies in our laboratory has shown that
NEU1 down regulation leads to LDLR stabilization via reduced interactions with PCSK9.
Our current results suggest that NEU1 over expression allows stabilization of LDLR
through interactions with ASGR. This study solidifies ASGR as a novel pathway for the
turnover of LDLR and helps understand the link between ASGR and atherosclerosis. To
better understand the implications of these results, future studies could address how
NEU1 and ASGR play a role in LDL uptake. This could be investigated by assessing the
level of LDL uptake by HepG2 cells in the presence or absence of ASGR and the
presence or absence of Neul. HepG2 cell could be treated with fluorescently labelled
LDL or unlabelled LDL and cells could be imaged to observe the level of LDL uptake.
Additionally, these studies could be extended to an in vivo model by assessing LDL

uptake in ASGR knockout mice or hypomorphic NEU1 mice.
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