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Abstract

The Low-density lipoprotein receptor (LDLR) mediated cellular uptake of LDL is the main
pathway for plasma LDL cholesterol (LDL-C) clearance. However, the LDLR can be
proteolytically cleaved to release its soluble ectodomain (sSLDLR) into the extracellular milieu and
as such reducing its LDL-C clearance efficiency. Plasma sLDLR levels are positively correlated
with plasma LDL-C levels. Membrane type 1-matrix metalloproteinase (MT1-MMP) is a Zn**-

dependent endopeptidase that can cleave extracellular matrix and non-matrix substrates.

The work presented in this thesis investigates, the proteinase responsible for LDLR cleavage and
as such identifies MTI-MMP as a key metalloproteinase responsible for LDLR shedding. We
found that knockdown of MT1-MMP increased cellular LDLR abundance and reduced the levels
of sSLDLR in cultured hepatocytes. Interaction between both proteins was ascertained by their co-
immunoprecipitation and co-localization in hepatoma cell lines. Consistently, mice lacking hepatic
MTI1-MMP displayed an increase in cellular LDLR levels and a corresponding reduction in plasma
levels of sLDLR, HDL-cholesterol, and non-HDL cholesterol. Opposite effects were observed
when MTI-MMP was overexpressed. We also demonstrated that hepatocyte-specific
overexpression of MT1-MMP significantly increased atherosclerotic lesion area in Apoe knockout

mice.

In addition, we found that the majority of circulating SLDLR were associated with apoB and apoE-
containing lipoproteins in both mouse and human plasma. The sLDLR retains its ability to bind to
LDLR ligands and as such reduces ligands available to be cleared by the LDLR. Combined

treatment of MT1-MMP knockdown and inhibition of other LDLR regulating pathways such as



statin inhibition of HMG-CoA reductase, inhibition of PCSK9 and y-secretase, had a combined
beneficial increase on LDLR levels invitro accompanied with an improved clearance of circulating

cholesterol in vivo with statin treatment.

It was determined that MT1-MMP cleaves the LDLR possibly at multiple sites within the protein.
Deletion of various regions on the protein did not abrogate its MT1-MMP cleavage nor did
mutation of cleavage sites as determined by CleavePredict affect LDLR cleavage by MT1-MMP.
MT1-MMP cleaved LDLR structurally related proteins such as ApoER2 and VLDLR. Similarly,
MT1-MMP structurally related metalloproteinase MT2-MMP cleaves the LDLR but with a lesser

efficiency as compared to MT1-MMP.

We identified a variant of MT1-MMP (rs139288377) in the Dallas Heart Study with the mutation
A37P; this variant was significantly associated with plasma LDL-C levels. The average LDL-C
levels of 36 people with the variant were 87 mg/dl, compared with 110 mg/dl in the control group.
Our experiments showed that this mutation reduces the ability of MT1-MMP to efficiently cleave

the LDLR.

Thus, this thesis demonstrates that MT1-MMP promotes ectodomain shedding of hepatic LDLR,

thereby regulating plasma cholesterol levels and the development of atherosclerosis.
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1.1 Cardiovascular Diseases

Cardiovascular diseases (CVD’s) are the prime cause of death worldwide. 17.9 million people
were estimated to have died from CVD’s in 2016 alone, representing 31% of total death globally
(WHO, 2017). The world health organization predicts that almost 23.6 million people will die from
CVD’s by the year 2030 and as such CVD’s are projected to remain the leading cause of death
globally. Cardiovascular diseases are a group of ailment that affects the heart and blood vessels
(Biglu, Ghavami, & Biglu, 2016), they include coronary heart disease (associated with blood
vessels that supply the heart ), peripheral arterial disease (associated with blood vessels that supply
arms and legs), cerebrovascular disease (associated with blood vessels that supply the brain),
congenital heart disease (structural compromise of the heart at birth), deep vein thrombosis and
pulmonary embolism (blood clots originating from the leg which may block blood vessels in the
lungs and heart). Heart attacks and strokes are major acute events resulting from these diseases,
they also contribute largely to CVD death toll (Benjamin et al., 2017). Cardiovascular heart
disease is one of the most prevalent and it results from the blockade of the coronary artery
perpetrated by ruptured plaques (Ross, 1999). The critical step in the development of plaques is

the deposition of cholesterol in the arterial wall (Kerr, 2016).
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1.2 Cholesterol and its functions

Cholesterol is a steroidal lipid containing a core phenanthrene ring, its name originates from the
Greek words ‘chole’ meaning bile, ‘stereos’ meaning solid and the suffix ‘ol” depicting an alcohol

signature (Merriam-Webster, n.d.) (figl.1).

HE-.. CH,
Cholesterol is an essential component of the HBE': '/\/\(

eukaryotic cell, where it plays very critical H3C

roles in maintaining membrane fluidity,

HO

permeability, bile acid formation,

steroidogenesis and signal transduction. ) ]
Fig 1. 1. Chemical structure of cholesterol

Cholesterol makes up 30 to 40% of cellular lipids, it is transported dynamically in the cell to
various compartments where it elicits its functions. Cholesterol concentration is highest in the
plasma membrane at 60 to 80%, where it helps maintain structural integrity (Maxfield & Wiistner,
2002), cholesterol is also found at 0.5-1% of cellular lipid in the endoplasmic reticulum where it
is esterified for storage in lipid droplets or for lipoprotein secretion (Vance & Vance, 1990). In the
mitochondria as well as peroxisome, cholesterol is oxidized and converted to bile acids or steroids
(Ishibashi, Schwarz, Philip, Joachim, & David, 1996). Insufficient availability of cholesterol is
detrimental to cellular function, body physiology, and tissue development. Similarly, excess
cholesterol also poses deleterious effects, and as such cholesterol metabolism is adequately
regulated by various mechanisms in the body (Yu, Zhang, Zheng, & Tang, 2019). Cholesterol is

acquired either from dietary sources or by de novo synthesis from acetyl-CoA.
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1.2.1 Cholesterol Biosynthesis

Cholesterol synthesis accounts for 75% of total cholesterol in the body, this synthesis occurs in
cells of the liver, intestine, adrenal glands, and steroidogenic reproductive organs (Feingold &
Grunfeld, 2000). Cholesterol is synthesized in the cell through an energy-consuming pathway that
utilizes 18 moles of acetyl-CoA, 16 moles of NADPH and 36 moles of ATP. The de-novo synthesis
of cholesterol starts in the cytoplasm, followed by a series of reactions catalyzed by enzymes
resident in the endoplasmic reticulum and peroxisome (Voet & Voet, 2011). The rate-limiting step
of the pathway is catalyzed by the enzyme Hydroxyl methyl glutaryl-CoA reductase (HMGCR),
the reaction converts HMG-CoA to mevalonate. The cholesterol biosynthetic pathway also
provides other sterol derived products such as Vitamin D, steroid hormones and non-sterol
substances for the cell such as ubiquinone and heme A for electron transport, dolichol required for
glycoprotein synthesis, farnesyl and geranylgeranyl pyrophosphate required for post-translational
modification of proteins (Bradfute & Simoni, 1994). Cholesterol biosynthesis is the major source

of cholesterol in the body and as such, it is tightly regulated to maintain adequate homeostasis.

1.2.2 Dietary Cholesterol

Cholesterol consumed in diet constitute about 25% of total cholesterol in the body, the human
body is well equipped to absorb a large proportion of the cholesterol ingested. In order to attenuate
the cumbersome and energy-consuming process of cholesterol biosynthesis, readily available
cholesterol molecules are absorbed in the intestinal lumen (Jia, Betters, & Yu, 2011). Intestinal
cholesterol absorption occurs in three stages which involve, (1) Emulsification and solubilization
of cholesterol in mixed micelles containing bile acids and phospholipids, this is critical for the
diffusion of free cholesterol across a layer of water in order to reach intestinal brush border

membrane where cholesterol is taken up by enterocytes, (2) Transportation across the apical
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membrane of enterocytes by the protein NPCIL1, (3) Mobilization and packaging to form
chylomicrons to be secreted into the blood and lymph (Betters & Yu, 2010). The intestinal uptake
of cholesterol constitutes a major pathway for the body to obtain cholesterol and as such, it is an

attractive drug target for the control of cholesterol in the body.

1.3 Lipoproteins and cholesterol transport

Cholesterol and triglycerides are hydrophobic, hence the effective transport of these lipids across
the body requires associations with hydrophilic proteins in circulation to form lipoproteins. The
proteins that help in the transport of these lipids are referred to as apolipoproteins. Apolipoproteins
play multiple functions in their association with lipids aside from the formation of lipoproteins.1)
They act as ligands for lipoprotein receptors, 2) structural support for lipoproteins, 3)
apolipoproteins serve as inhibitors or activators of enzymes critical for lipoprotein metabolism

(Feingold & Grunfeld, 2000). Table 1.1

Lipoproteins are a complex biochemical assembly of proteins in association with lipids, consisting
of a central hydrophobic inner core of lipophilic lipids such as cholesterol esters and triglycerides.
The core of hydrophobic molecules is surrounded by an outer hydrophilic membrane consisting of
a phospholipid layer in association with apolipoproteins, which shields the hydrophobic core of
lipophilic lipids from surrounding environmental fluids and as such aid their transport (Ramasamy,
2014). Seven classes of plasma lipoproteins have been identified so far, with their classification
based on size, the composition of lipid content and resident apolipoproteins: Chylomicrons,

Chylomicron remnants, Very low-density lipoprotein (VLDL), Intermediate density lipoprotein
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(IDL), Low-density lipoprotein (LDL), High-density lipoprotein (HDL) and Lipoprotein a) (LPA)

Table 1.2.
Apolipoprotein | Molecular Main Source | Lipoprotein Function
Weight (Da) Association
Apo A-1 28,000 Liver, Intestine | HDL, Structural
chylomicrons protein for HDL,
Activates LCAT
Apo A-II 17,000 Liver HDL, Structural
chylomicrons protein for HDL,
and also
Activates
hepatic lipase
Apo A-IV 45,000 Intestine HDL, Participate in
chylomicrons chylomicron
assembly and
secretion
Apo A-V 39,000 Liver VLDL, Promotes LPL
chylomicrons, mediated
HDL triglyceride
lipolysis
Apo B-48 241,000 Intestine Chylomicrons Structural
protein for
chylomicrons
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Apo B-100 512,000 Liver VLDL, IDL, A structural
LDL, Lp (a) protein, Ligand
for LDL receptor
Apo C-1 6,600 Liver Chylomicrons, Activates LCAT
VLDL, HDL
Apo C-II 8,800 Liver Chylomicrons, Co-factor for
VLDL, HDL Lipoprotein
lipase
Apo C-III 8,800 Liver Chylomicrons, Inhibits
VLDL, HDL Lipoprotein
lipase and
uptake of
lipoproteins
Apo E 34,000 Liver Chylomicron Ligand for low-
remnants, IDL, density
HDL lipoprotein
receptor
Apo (a) 250,000- 800,00 | Liver Lp (a) Inhibits
plasminogen
activation

Table 1. 1- Types of Apolipoproteins, their sources, associations, and function as adapted

and modified from (Feingold & Grunfeld, 2000).
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Lipoprotein Density (g/ml) Size (nm) Major Lipid Major
content Apolipoproteins
Chylomicrons <0.930 75-1200 Triglycerides Apo B-48, Apo
C’s, Apo E, Apo
A-L, A-I1, A-1IV
Chylomicron 0.930- 1.006 30-80 Triglycerides Apo B-48, Apo
Remnants Cholesterol E
VLDL 0.930- 1.006 30-80 Triglycerides Apo B-100, Apo
E, Apo C’s
IDL 1.006- 1.019 25-35 Triglycerides Apo B-100, Apo
Cholesterol E, Apo C’s
LDL 1.019- 1.063 18- 25 Cholesterol Apo B-100
HDL 1.063-1.210 5-12 Cholesterol Apo A-I, Apo A-
Phospholipids II, Apo C’s, Apo
E
Lp (a) 1.055- 1.085 ~30 Cholesterol Apo B-100, Apo

(2)

Table 1. 2- Classes of Lipoproteins, their sizes, density, apolipoproteins and major lipid
content as adapted and modified from (Feingold & Grunfeld, 2000)
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The metabolism of lipoprotein particles is divided into three pathways depending largely on the
source of the lipid content: dietary lipids (exogenous), from the liver through de novo synthesis
(endogenous) and majorly originating from peripheral tissues back to the liver (reverse cholesterol

transport).

1.3.1 Exogenous pathway

The exogenous pathway is also known as the chylomicron pathway, given that chylomicrons are
the major lipoproteins involved in the transport of dietary lipids. Bile emulsified dietary fat and
triglycerides (TG) are hydrolyzed by pancreatic lipases to form fatty acids and monoacylglycerol.
Fatty acids and monoacylglycerol are readily absorbed, while cholesterol uptake from the intestinal
lumen into intestinal cells of enterocytes is facilitated by NPC1L1. In the enterocytes, fatty acids
and monoacylglycerols are re-esterified to form TG while free cholesterol is esterified to form
cholesteryl esters, these lipids are then assembled with apolipoprotein B-48 (ApoB48) and
phospholipids to form nascent chylomicrons. These particles are then secreted into the intestinal
lymph where they are further delivered via the thoracic duct into the systemic circulation. The
chylomicrons then interact with HDL particles and acquire apolipoprotein C and E (ApoC-I,
ApoC-II, ApoC-III and ApoE), at this stage the nascent chylomicron is said to be matured. ApoC-
II plays a critical role in chylomicron metabolism, it serves as a cofactor for lipoprotein lipase
(LPL), which hydrolyzes TG on chylomicrons to free fatty acids and glycerol (Cooper, 1997). The
fatty acids are taken up by peripheral tissues such as muscles for energy or adipose tissue for
storage in lipid droplets. Lipolysis of chylomicrons leads to continuous shrinkage in size due to
the loss of TG content, which eventually forms chylomicron remnants enriched in cholesterol

esters and ApoE. These remnant chylomicrons continue in circulation until they are cleared by the
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Low-density lipoprotein receptor (LDLR) and LDLR-related protein 1 (LRP1) in the liver (Brown

& Goldstein, 1983).

1.3.2 Endogenous pathway

A central organ for lipid handling in the body is the liver, the endogenous pathway involves hepatic
metabolism and secretion of apolipoprotein B containing particles, such as VLDL. (Rader &
Hobbs, 2014). TG and cholesteryl esters are assembled in the hepatocytes with apolipoprotein B-
100 and phospholipids to form nascent VLDL particles. The nascent VLDL particles enter the
bloodstream where they further interact with HDL particles; consequently, there is a transfer of
Apo-E and Apo-C’s to the nascent VLDL from HDL, which makes it attains maturity. Matured
VLDL particles are hydrolyzed by LPL in a similar fashion as described with chylomicrons,
generating glycerol and free fatty acids taken up by peripheral tissues. The diminished and
hydrolyzed VLDL is also enriched in cholesteryl ester by cholesteryl ester exchange transfer from
HDL in a reaction catalyzed by the enzyme cholesteryl ester transfer protein (CETP) to form
intermediate-density lipoprotein (IDL) in humans (Mabuchi, Nohara, & Inazu, 2014). The liver
can clear IDL’s from circulation by LDLR and LRP, further lipolysis of IDL by hepatic lipases
leads to the loss of TG and all other apolipoproteins except ApoB-100, the IDL remnants left now
forms LDL, with a relatively high cholesterol content. LDL continues in circulation until it is

cleared by the liver and other tissues that possess the LDLR.
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1.3.3 Reverse cholesterol transport

Accumulation of cholesterol in peripheral cells occurs via uptake of lipoproteins in circulation and
de novo synthesis of cholesterol, however, cholesterol cannot be broken down in catabolism. It
needs to be converted to form other biologically relevant biomolecules. Cells involved in steroid
hormone production convert cholesterol into sterols such as testosterone, estrogen and
glucocorticoids, while the liver converts cholesterol to form bile acids that are secreted into the
bile. It is important for cells to reduce their cholesterol content as excessive cholesterol is toxic to
the cells, this is achieved by efflux and transport of cholesterol back to the liver in the process
referred to as the classic reverse cholesterol transport which is facilitated by HDL. The ATP
binding cassette proteins Al and G1 (ABCA1 & ABCG]) are critical for the efflux of cholesterol
from cells to lipid poor pre-beta Apo A-I particles and HDL, respectively. It has been shown that
Scavenger Receptor class B1 (SR-B1) may also play a role in the efflux of cholesterol to HDL
particles, in addition, passive cholesterol diffusion from the plasma membrane to HDL may also
contribute to cholesterol efflux (Rosenson et al., 2012). Free cholesterol acquired from efflux on
HDL is then esterified by lecithin-cholesterol acyltransferase (LCAT); this enzyme binds to HDLs
and catalyzes a two-step reaction of fatty acid cleavage from phospholipids and transesterification
of cholesterol, which is later sequestered to the lipoprotein core, thereby transforming newly
synthesized small HDLs into larger and spherical lipoproteins (Fielding, Shore, & Fielding, 1972;
Jonas, 1991). After cholesterol transfer from cells and maturity of HDL, the pathway for clearance
of cholesterol by the liver is destined for either of two paths, 1) HDL can be selectively taken up
by SR-B1 on the liver, alternatively 2) CETP can transfer cholesterol esters from HDL to other
ApoB containing lipoproteins such as VLDL, Chylomicron remnants and LDL, which can then be

taken up by the liver. Once cholesterol has been delivered to the liver, it can be eliminated by direct
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secretion into the bile or converted into bile acids and then secreted into the bile. ABCGS and
ABCGS) activate cholesterol transport into the bile while the expression of these genes is

upregulated by the Liver X receptor (LXR) (Fielding & Fielding, 1995).

Endogenous Exogenous Reverse Cholesterol Transport
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Fig 1. 2. Lipoprotein metabolism. The fate of lipids derived from endogenous synthesis,
exogenous dietary consumption, and reverse cholesterol transport. Figure made by Adekunle
Alabi, idea adapted from (Rader & Hobbs, 2014)

1.4 The Low-Density lipoprotein receptor

The identification and characterization of LDLR is credited to the work of Brown and Goldstein
in 1973, during their search to unravel the molecular basis for familial hypercholesterolemia (FH)

(Goldstein & Brown, 2009a). Brown and Goldstein observed that healthy fibroblasts suppressed
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endogenous synthesis of cholesterol after cells were supplied with cholesterol via serum LDL. On
the other hand, fibroblasts from FH patients did not suppress endogenous cholesterol synthesis
after treatment with serum LDL except when cholesterol was provided directly in soluble forms
other than the LDL (Goldstein & Brown, 1974). Their studies led to the discovery of a cell surface
receptor for LDL which was called the LDL-receptor and the mechanism involved in the way
LDLR carries out its function. Brown and Goldstein consequently discovered that FH was caused

by a genetic defect in the LDL-receptor.
1.4.1 Structure and function of the low-density lipoprotein receptor

The LDLR gene contains 18 exons and 17 introns with a 45kb sequence, mapped on chromosome
19 in bands p13.1-13.3 in humans (fig 1.3) and on chromosome 9 in mice (Lindgren, Luskey,
Russell, & Francke, 1985). The length of its mRNA transcript is 5.3kb, a large proportion of this
transcript is occupied by a 2.7kb 3’ untranslated protein region, leaving 2.6kb of the mRNA

transcript which encodes an 860-amino acid protein.

0 5 10 15 20 25 30 35 40 45 kb
5.3 kb mRNA
B - -

5 27kb 3'UTR g8

Fig 1. 3. Diagrammatic representation of the LDLR gene. A) 45kb LDLR gene encodes 18
exons and 17 introns, B) Transcript of LDLR mRNA with 2.7 kb of 3’ untranslated region (3°’UTR)
and 2.6kb protein-coding region. Adapted and modified from (Al-Allaf et al., 2010).
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The LDLR mRNA is translated by the established cellular apparatus involved in protein synthesis
in the endoplasmic reticulum (ER) (Al-Allaf et al., 2010). The immature LDLR protein in the ER
is further transported across the secretory pathway where it acquires post-translational
modification with the incorporation of O-linked carbohydrate sugar chains in the Golgi apparatus,
after which a 160kda matured protein is translocated to the cell surface (Hobbs, Russell, Brown,

& Goldstein, 1990).

1.4.1.1 Structural Domains of the LDLR and their function

The LDLR is an 860 amino acid protein. However, it matures into an 839 amino acid glycoprotein
on the plasma membrane after the removal of its signal peptide (Beglova & Blacklow, 2005). Exon

1 of the LDLR encodes the signal peptide and the 5’ untranslated region (5’UTR).

Exon 2 to 6 encodes the ligand-binding repeats. This region contains seven repetitive groups of
approximately 40 amino acids, which serves as ligand binding repeat 1 to 7. Each of these repeats
is encoded mainly by a single exon except in the case of repeat 3,4 and 5 which are joined by a
single exon (Hobbs et al., 1990). Each ligand binding repeat contains a total of 6 cysteine residues
capable of forming three intra-repeat disulfide bonds coordinated to a calcium ion forming an
octahedral lattice, which gives the protein stability and flexibility required for its effective function
in the harsh internal environment of the cell (Brown, Herz, & Goldstein, 1997). The C-terminal
region of each repeat contains a negatively charged triplet of Ser-Asp-Glu, which is critical for
ligand binding. The LDLR binds two major apolipoproteins, ApoB-100 on LDL and ApoE on
ApoE containing lipoproteins such as VLDL, chylomicron remnants and HDL; both
apolipoproteins are enriched with basic and positively charged amino acids which may mediate

the ionic interaction between negatively charged ligand-binding repeats and positively charged
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apolipoproteins (Brown et al., 1997). Deletion mutants generated within the ligand-binding repeats
(LRs) reveal that LR3 to LR7 is important for LDL binding, as deletion of any repeat within this
region abrogates LDL uptake on the cell surface (Beglova & Blacklow, 2005). LR4 to LRS5 of the
LDLR is sufficient enough to bind to ApoE lipoproteins of B-VLDL particles (Fisher, Abdul-Aziz,
& Blacklow, 2004), indicating these regions as important for VLDL binding to LDLR. The ligand-
binding repeats are not in direct contact with each other but rather contain linkers of four to five
residues except for the linker between LR4-5 which contains 12 residues. These linkers impact the
flexibility of the LRs by reducing contact constraints, such that the LDLR is able to adjust its shape
to bind its various lipoprotein ligands of different shapes and sizes (Beglova & Blacklow, 2005;

Rudenko et al., 2002).

The ligand-binding repeats are immediately followed by the epidermal growth factor (EGF)
precursor, which is composed of 400 amino acids sequence encoded by exons 7-14. It shares a
33% sequence homology to the human epidermal growth factor gene (Sudhof, Goldstein, Brown,
& Russell, 1985). The EGF consists of three repeats A, B and C with 40 amino acid sequence rich
in cysteine, EGF B and C are separated by a 280-amino acid sequence called the YWTD -
propeller domain. The EGF is critical for acid-dependent dissociation of ligands in the endosome
during the process of recycling. Deletion of the whole EGF region does not affect ligand binding
but rather causes the receptor to lose its ability to release its ligands at low pH, hence the mutant
receptor fails to be recycled and is more prone to degradation (Davis et al., 1987). The B-propeller
serves as the critical region within the EGF that mediates ligand release, it displaces lipoprotein
ligands and serves as an alternative substrate for LR4-5. The LDLR has an open conformation on
the cell surface at neutral pH; however, it takes a closed conformation in the acidic pH of the

endosome. This is as a result of histidine residues within the B-propeller acquiring a net positive
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charge that can form ionic interaction with the ligand binding repeats (Innerarity, 2002). The
interaction between the positively charged histidine in the B-propeller and negatively charge in the

ligand binding repeats ultimately leads to the release of ligands.

The O-linked sugar region follows the EGF region, it is a 58 amino acid sequence encoded by
exon 15. This domain serves as the region for post-translational modification with the attachment
of O-linked carbohydrates, the region is enriched with threonine and serine which aids its
participation in the formation of O-glycosidic bonds with sugars. Aside from giving the protein
stability in the presence of cellular proteases, the function of the O-linked sugar domain is not well
understood. The complete deletion of this domain does not affect LDLR functionality in fibroblasts
(Davis et al., 1986). It has been postulated (Gent & Braakman, 2004) that the O-linked sugar
region may; 1) act as a spacer that helps push the LDLR beyond the extracellular matrix and
modulate the presentation of the LDLR extracellular domain, 2) stabilize the LDLR in the acidic
pH of the endosome and/or 3) help prevent proteolytic cleavage of the LDLR extracellular domain

by metalloproteinase on the cell surface (Kozarsky, Kingsley, & Krieger, 1988).

Exon 16 and the 5’ section of exon 17 encode 22 hydrophobic amino acid sequence which makes
up the membrane-spanning domain of the protein. This region helps maintain the protein
integration into the plasma membrane, mutations or deletion of this region lead to mislocalization
of the protein with respect to the plasma membrane, and as such the 160kDa protein is secreted
out of the cell, thus losing its functionality (Strem, Laerdahl, & Leren, 2015). Similarly, mutations
in this region have been reported to predispose LDLR to metalloproteinase shedding of its
ectodomain, causing the release of a soluble form of LDLR (sLDLR) into cell culture media

(Strom, Tveten, Laerdahl, & Leren, 2014).
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The rest of Exon 17 and the 5° end of exon 18 encode a 50-amino acid cytoplasmic domain. The
cytoplasmic tail of the LDLR contains sequences critical for receptor clustering in clathrin-coated
pits and internalization of the receptor (Keyel et al., 2006). One of the most prominent motifs
within this region is the NPVY that is required for internalization of the LDLR; mutation of
tyrosine at position 807 in this motif to cysteine causes familial hypercholesterolemia as a result
of the inability of the LDLR to internalize its ligands. This mutation is known as the J.D mutation

coined from the patient which the mutation was first identified (Davis et al., 1986).

* | ( . f ] .. | ] . . L ] p-
-
:"':. :'o.--' Ligand Binding
-4 ¥ s Lot Repeats
/) 5688 8YY
Cysteine
\_o* 7
A ". o...
B ". ?® ® YWTD| Epidermal Growth
[ Factor
.
* o
o _® _
ClLe
Carbohydrates i
— O-linked Sugar

Cell membrane Membrane Spanning
Domain

Cytoplasmic Tail

Cytosol

Fig 1. 4. Structural representation of the low-density lipoprotein receptor. Indicating its
domains. Figure made by Adekunle Alabi, idea adapted from (Al-Allaf et al., 2010)
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1.4.1.2 LDLR ligand binding, endocytosis, and Recycling

The matured LDLR is an integral membrane glycoprotein, which binds to and mediates the
internalization of its ligands on the cell surface, majorly lipoprotein particles containing apoB100
or E. Lipoproteins internalized by the LDLR include LDL, VLDL, IDL and chylomicron remnants
(Goldstein, Brown, Anderson, Russell, & Schneider, 1985). The interaction of apoE with LDLR
is driven by lipidation of the particle, lipid depleted apoE particles have 500 times less affinity for
LDLR binding (Wilson, Wardell, Weisgraber, Mahley, & Agard, 1991). It is possible that apoE
lipidation causes conformational changes that lead to rearrangement and exposure of basic residues
on the surface (Sehayek, Lewin-Velvert, Chajek-Shaul, & Eisenberg, 1991). The ability of
apoB100 to bind LDLR 1is dependent on the conformation of its C-terminal domain which bears
the LDLR binding site, this region is essential because it contains motifs enriched in arginine and
lysine residues which can form ionic interaction with negatively charged acidic residues in the

ligand-binding repeats of the LDLR (Boren et al., 1998).

After binding to its ligands on the cell surface, the LDLR undergoes receptor-mediated endocytosis
by associating with clathrin-coated pits. The LDLR is then internalized into the acidic environment
of the endosome where it separates from the ligand, the ligand is delivered to the lysosome where
cholesterol esters are hydrolyzed into its constituents, free cholesterol and fatty acids, while the
apolipoproteins are degraded into free amino acids (Goldstein et al., 1985). The LDLR, on the
other hand, is quickly recycled back to the cell surface, where it can initiate another ligand binding
(figl.5). Every 10 to 20 minutes, the LDLR undergoes a complete cycle of ligand binding,

endocytosis, endosomal discharge of ligand and recycling (Brown et al., 1997).
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LDL

Lysosome

Fig 1. 5. LDLR uptake of LDL. The LDLR binds to LDL on the cell surface and mediates LDL
uptake into the cell via endocytosis. Endosomal low pH leads to the release of LDL and LDLR is

recycled to the cell. Consequently, the LDL is degraded in the lysosome. Figure made by Adekunle
Alabi.
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1.4.2 LDL Receptor-Related Proteins

The LDLR is a member of a family of receptors, which bind and internalize multiple ligands
including exotoxins, lipid carrier complexes as well as lipoproteins (Willnow, Nykjaer, & Herz,
1999). Family members are functionally and structurally related to LDLR; containing ligand-
binding repeats, Epidermal growth factor-like domain, B propeller, O-linker sugar region except
in LRP1 and the NPXY motif required for receptor-mediated endocytosis. The differences in the
number of occurrences and positioning of each of the domains create diversity in the LDLR family
proteins (Go & Mani, 2012). LDLR, LRP1, VLDLR, and ApoER2 (LRP8) are ApoE receptor
members of this family that play a pivotal role in lipid metabolism. They have also been reported
to exist as soluble circulating forms, resulting from shedding by proteases (Rebeck, LaDu, Estus,

Bu, & Weeber, 20006).

VLDLR and ApoER2 are the most structurally related to LDLR, while VLDLR is mainly
expressed in adipose tissues, endothelial cells of capillaries, heart, and skeletal muscles but not in
the liver; ApoER2 is mainly expressed in the brain, testis, and placenta. VLDLR regulates the
extrahepatic metabolism of lipoproteins enriched in TG, by uptake of TG-rich VLDL but not LDL,
providing sufficient energy substrates for peripheral tissues (Go & Mani, 2012). ApoE containing
VLDL is not only restricted to binding VLDLR but also other family proteins such as LDLR,
ApoER2, and LRP1. LRP1 is ubiquitously expressed in most tissues and functions as a scavenger
receptor mediating the uptake of numerous ligands such as anionic liposomes, lipoprotein lipase,
thrombospondins 1 and 2, 2-macroglobulin-protease complexes, and matrix metalloproteinases
MMP-13, MMP-2 (gelatinase A), and MMP-9 (gelatinase B) (Rozanov, Hahn-Dantona,

Strickland, & Strongin, 2004).
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Fig 1. 6. Pictorial description of LDLR-related proteins, with structural comparison to the
LDLR. Each receptor consists of ligand repeats, epidermal growth factor, YWTD,
transmembrane, NPxY motif, and an O-linked sugar domain except for LRP1. Figure made by
Adekunle Alabi, idea adapted from (Rebeck et al., 2006)

1.5 The Role of LDL- cholesterol in Cardiovascular Diseases

Hypercholesterolemia is simply described as a state of elevated cholesterol levels in circulation.
The condition is characterized by a high circulating amount of non-HDL lipoproteins, majorly in
the form of LDL-C. Hypercholesterolemia is usually caused by a disturbance in the normal
homeostasis of cholesterol, which may be as a result of increased secretion of cholesterol-
containing lipoproteins into circulation or reduced clearance of cholesterol as a result of factors

that compromise the function of LDLR. Hypercholesterolemia can be polygenic, developing from
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inappropriate lifestyle (diet, smoking, lack of physical activity, obesity, and excessive alcohol
consumption) and activities of multiple genes. The other type is a Mendelian disorder called

familial hypercholesterolemia (FH) which results from defects in a single gene (Fairoozy, 2018).

Cholesterol type mg/dL mmol/L Interpretation
<200 <5.2 Normal
Total cholesterol 200-239 52-6.2 Borderline
>240 >6.2 High
<100 <2.6 Desirable
100-129 2.6-3.3 Normal
LDL cholesterol 130-159 3441 Borderline
160-189 4.1-4.9 High and undesirable
>190 >4.9 Very high
Undesirable;
<40 <1.0 increased risk of
CVD
HDL cholesterol 41-59 1.0-1.5 Nomal, but not
optimal
~60 ~1.55 SS/%L lowered risk of

Table 1. 3-Interpretation of levels of cholesterol in humans. Adapted from (“Understanding
Your Cholesterol Numbers | Cleveland Clinic,” n.d.)

Evidence of a relationship between cholesterol and cardiovascular disease (CVD) dates back to
1913 when Nikolaj Nikolajewitsch Anitschkow established a correlation between high levels of

cholesterol and the development of atherosclerosis (Anitschkow N, 1913) since then LDL-
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cholesterol has been shown to be one of the leading causes of CVD’s. Similarly, the reduction of

LDL-cholesterol has been shown to reduce the incidence of CVD’s (Storey et al., 2018).

1.5.1 Atherosclerosis

Atherosclerosis is a leading cause of cardiovascular diseases, and it is characterized by chronic
lipid accumulation and inflammatory conditions in blood vessels. This results from an imbalance
of lipid metabolism and a compromised immune response driven by the accumulation of
cholesterol-laden macrophages in the walls of the arteries (Kerr, 2016; Libby, Ridker, & Hansson,
2011). It is a progressive disorder with multiple stages, causing various extent of lesion at each
stage of development. The process is mostly initiated by the retention and deposition of apoB
containing lipoproteins, especially LDL-cholesterol, in the sub-endothelium. Retention is
facilitated by the interaction of positively charged residues on apoB and negatively charged sulfate
groups of proteoglycans on the arterial wall (Khalil, Wagner, & Goldberg, 2004). After retention
in the intima, the LDL-cholesterol is susceptible to oxidation by reactive oxygen species and other
enzymes such as lipoxygenases, generating oxidized LDL (oxLDL). The accumulation of oxLDL
leads to the recruitment of lymphocytes and monocytes with an increase in the presence of growth
factors and cytokines. Eventually, monocytes are converted to macrophages which then uptake
oxLDL (Libby et al., 2011). Macrophages take up oxLDL through scavenger receptors in an
unregulated fashion, becoming lipid loaded and eventually turning into foam cells (Steinberg &
Witztum, 2010), which form fatty streak lesions that eventually activate inflammatory responses.
During atherogenesis, smooth muscle cells migrate from the media of arterial wall to the intima,
where they proliferate and produce extracellular matrix materials such as elastin and collagen,
forming a fibrous cap to cover plaques. Smooth muscles also take up oxLDL and become foam

cells. In humans and 4poe knockout mice, most foam cells are derived from smooth muscle cells
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(Wang et al., 2019). Continuous accumulation of cholesterol crystals, extracellular lipids from
apoptotic cells and debris of dead plaque macrophages and smooth muscle cells, leads to the
formation of a necrotic core within the plaque. Plaque rupture may occur from the degradation of
the extracellular matrix by metalloproteinases such as collagenases and gelatinases. The
destabilization of plaques may cause thrombosis and ultimately a blockage of the artery, leading

to cardiovascular dysfunctional diseases (Libby et al., 2011).

Tunica
Intima

Tunica
Media

Normal Artery Artherosclerotic Artery

<@ smooth Muscle Cell <> Smooth Muscle foam cell / Smooth Muscle foam cell

dies Releasing debris

P Macrophage . Macrophage Foam cells @ Macrophage Foam cells dies
\’d‘ Releasing lipid debris

LDL @08 %  Endothelial cells

O Oxidized LDL

Fig 1. 7. Diagrammatic representation of the sequence of events leading to the development
of atherosclerotic plaque. A — Macrophages uptake oxLDL in the intima and transforms into
foam cells, which eventually leads to their death and release of lipid debris. B- Smooth muscle
cells uptake oxLDL and become foam cells. They migrate from the media of arterial wall to the
intima, where they proliferate and produce extracellular matrix materials, forming a fibrous cap to
cover plaques. C - Continuous accumulation of cholesterol crystals, extracellular lipids from
apoptotic cells, the debris of dead plaque macrophages and smooth muscle, leads to the formation
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of a necrotic core within the plaque. Figure made by Adekunle Alabi, idea adapted and modified
from (“Atherosclerosis. Fibrous Plaque Formation In The Artery. Artery.. Royalty Free Cliparts,
Vectors, And Stock Illustration. Image 38814972.,” n.d.)

1.5.2 Statin Treatment of Hypercholesterolemia

Statins are currently the primary therapy for the treatment of hypercholesterolemia, it has been
reported to reduce the incidence of cardiovascular events by 31% as a result of a 26% reduction in
LDL-cholesterol from the West of Scotland Coronary Prevention Study (Shepherd et al., 1995).
Statins elicit their action by inhibiting the rate-limiting enzyme of the cholesterol biosynthetic
pathway HMG-CoA reductase. Inhibition of the enzyme sends a low sterol signal in the cells,
which causes cellular processing of the transcriptional factor SREBP2. The transcriptional active
form of SREBP2 binds to the sterol response element (SRE) in the promoter of the LDLR gene
and upregulates its transcription, ultimately increasing the levels of LDLR on the cell surface and
consequently enhancing the clearance of LDL-cholesterol from circulation (Stancu & Sima, 2001).
Despite efficiency credited to the use of statins, often the target LDL-C concentrations cannot be
attainable with statin monotherapy in many patients with familial or polygenic
hypercholesterolemia. Hence, the aim of treatment would be to maximize LDL-C reduction
attainable with an appropriate combination of treatments at tolerable doses. An example is the use
of statins in combination with cholesterol absorption inhibitor ezetimibe (Fairoozy, 2018). Side
effects associated with the use of statins have also been noticed in patients on the medication. This
includes muscle pains, sleep disorders, nausea, rash, erectile dysfunction, and arthritis (Banach et
al., 2015). Current research in the field focuses on the development of alternative therapy to statins

or therapies that could be used in combination with statins.
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1.6 Regulation of the low-density lipoprotein Receptor

1.6.1 Transcriptional Regulation

The promoter of LDLR contains sterol sensing sequences called the SRE, which is responsible for
the transcriptional regulation of LDLR (Siidhof, Russell, Brown, & Goldstein, 1987). The
transcription factor SREBP2 binds to the SRE and initiates the transcription of LDLR and other

genes involved in cholesterol biosynthesis (Horton et al., 2003).

SREBP-2 is located on the ER and its processing is strictly regulated by sterols and the levels of
intracellular cholesterol. SREBP-2 in the ER exists in a complex with a sterol sensing protein
SREBP-Cleavage Activating Protein (SCAP) that interacts with an ER protein, Insulin Induced
gene (INSIG) when the levels of cholesterol in the ER are more than 5% of total ER lipids. The
association between INSIG and SCAP keeps the SREBP and SCAP complex in the ER (Eberlé¢,
Hegarty, Bossard, Ferré, & Foufelle, 2004). When the concentration of cholesterol in the ER is
below 5% of total ER lipids, the association between INSIG and SCAP is severed, such that the
SREBP-2/SCAP complex can be transported to the Golgi apparatus (Radhakrishnan, Goldstein,
McDonald, & Brown, 2008). On arrival in the Golgi, the SREBP-2 is cleaved by site 1 & 2
proteases (S1P &S2P) sequentially, thereby releasing the mature and active N-terminal domain of
SREBP. This is then able to enter the nucleus where it binds to the SRE and activates the

transcription of LDLR ( Brown & Goldstein, 2009).
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1.6.2 Post-translational regulation of LDLR

1.6.2.1 Proprotein Convertase Subtilisin/ Kexin type 9 (PCSK9)

PCSKD is a serine protease predominantly synthesized in the liver as a 75kDa proprotein (Shapiro,
Tavori, & Fazio, 2018). It consists of a pro-domain which stays loosely attached to the protein
after autocatalytic cleavage; a catalytic domain that has no other known proteolytic target than its
own autocatalysis and a C-terminal domain (Tibolla, Norata, Artali, Meneghetti, & Catapano,
2011). Hepatic expression of PCSK9 is mainly dependent on the levels of intracellular sterols.
PCSKO is regulated alongside other genes involved in cholesterol metabolism such as HMG-CoA
reductase, HMG-CoA synthase and LDLR (Horton et al., 2003). PCSK9 promoter contains SRE,
which is a binding site for SREBP2, and as such SREBP2 initiates the transcription of PCSK9

(Tibolla et al., 2011).

PCSK?9 is known to interact and bind with the LDLR intracellularly within the trans-Golgi or
extracellularly at the cell surface. In both cases. Binding of PCSK9 to the LDLR targets the
receptor for lysosomal degradation, ultimately abrogating the recycling of the receptor (Lagace,
2014). At neutral pH, the PCSKO9 catalytic domain interacts with the EGF-A domain of LDLR at
a 1:1 stoichiometry (Zhang et al., 2007). The PCSK9-LDLR interaction is further strengthened on
arrival in the low pH environment of the endosome probably via the binding of PCSK9 c-terminal
domain to the ligand-binding repeats of the LDLR (Yamamoto, Lu, & Ryan, 2011). This blocks

the recycling of the LDLR and redirects the LDLR/PCSK9 complex for lysosomal degradation.
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1.6.2.2 Inducible Degrader of LDLR (IDOL)

IDOL is an E3 ubiquitin ligase, widely expressed in tissues such as the lung, liver, kidney, placenta,
brain, muscle, heart, and pancreas. The protein is regulated by the sterol sensing transcriptional
factor Liver X Receptor (LXR), high levels of cellular cholesterol lead to the production of
oxysterols which serves as ligands for the LXR activation (Janowski et al., 1999). LXR activation
causes the induction of genes that encode proteins critical for cholesterol efflux and reduction of

cholesterol influx into the cell (Zhang, Reue, Fong, Young, & Tontonoz, 2012).

IDOL ubiquitinates the LDLR cytoplasmic domain and targets the protein for lysosomal
degradation (Sorrentino & Zelcer, 2012). Overexpression of IDOL in mice liver via adenovirus
showed a significant reduction in the LDLR accompanied by elevated levels of plasma LDL

cholesterol (Zelcer, Hong, Boyadjian, & Tontonoz, 2009).

1.6.2.3 LDLR shedding

The term shedding describes the proteolytic cleavage and removal of a portion or entire
ectodomain of a protein from the membrane into extracellular space, leading to alteration of the
protein function (Lichtenthaler, Lemberg, & Fluhrer, 2018). Shedding is not limited to proteins in
the plasma membrane; it occurs in all cellular organelles of the endocytic and secretory pathway
and in regions within or outside the transmembrane domain of such proteins. Proteases involved
in the process include membrane-bound, soluble and intramembrane proteases (Lichtenthaler et
al., 2018). The proteases involved in the process of shedding are referred to as sheddases. The

process has emerged as a critical mechanism to control protein abundance, release of growth
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factors and cytokines from the membrane, and degrade receptors and adhesion proteins (Black et

al., 1997; Peschon et al., 1998).

Soluble forms of ApoE receptor subfamily members such as LRP1, ApoER2, VLDLR, and LDLR
have been observed in vitro and in vivo. They are generated from the shedding of the
transmembrane receptors (Garcia-Touchard et al., 2005) or as a result of alternatively spliced
mRNAs lacking the transmembrane domain (Xing, Xu, & Lee, 2003). Both processes are critical
for the regulation of ApoE receptors and their functions. Y-secretase, furin and sheddases have all
been implicated in the cleavage of ApoE receptors (Fig 1.8) (LRP1, ApoER2, VLDLR and LDLR)

(Rebeck et al., 20006).

The ectodomain of the LDLR can be cleaved by sheddases releasing a soluble extracellular LDLR
(sLDLR) into cell culture media and human plasma (Begg, Sturrock, & van der Westhuyzen, 2004;
Fischer, Tal, Novick, Barak, & Rubinstein, 1993). Serum levels of SLDLR are positively correlated
with plasma LDL-cholesterol (LDL-C) levels (Shimohiro, Taniguchi, Koda, Sakai, & Yamada,
2015). The sheddase responsible for LDLR cleavage has not been identified. However, broad-
spectrum inhibitors of metalloproteinases reduce LDLR cleavage and sLDLR production (Begg et
al., 2004), suggesting that the sheddase may be a metalloproteinase. Alabi et’ al (2020) recently
identified Membrane type 1- matrix metalloproteinase (MT1-MMP) as a sheddase that cleaves the

LDLR.
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Fig 1. 8. Cleavage of ApoE receptor proteins and the release of their soluble forms into
extracellular space. Figure made by Adekunle Alabi, idea adapted and modified from (Rebeck et
al., 2006)

1.7 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) were first discovered in 1962 by Jerome Gross and Charles
Lapiere. They found that anuran tadpole explant degraded collagen triple helix structure when
placed on a collagen gel (Gross & Lapiere, 1962; Gross & Nagai, 1965). MMPs belong to the
metzincin group of protease superfamily, synthesized as inactive precursors and degrade the
extracellular matrix (ECM) in a concerted manner (Page-McCaw, Ewald, & Werb, 2007). Their
unique capabilities to degrade most proteins of the ECM such as collagen, laminin, elastin and

integrins make them very critical in tissue remodeling, pericellular proteolysis and cell migration
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(Rozario & DeSimone, 2010). MMPs also play a key role in other biological activities such as
embryonic  development, morphogenesis, angiogenesis, cell receptor cleavage,
chemokine/cytokine inactivation and release of apoptotic ligands (Peng et al., 2012; Van Lint &
Libert, 2007). Additionally, they have been implicated in pathological activities including fibrosis,
arthritis, inflammation and cancer (Amalinei, Caruntu, Giusca, & Balan, 2010). MMP activities
are not only regulated at the transcriptional level but also at the posttranslational level by tissue

inhibitor of metalloproteinases (TIMPs) (Peng et al., 2012).

The MMP family is made up of 28 members, subdivided into classes with numerical designation
based on their structure, ECM substrate similarities and subcellular localization (Nagase &
Woessner, 1999). These groups include collagenases, gelatinases, matrilysins, stromelysins and

membrane-type matrix metalloproteinases (MT-MMP’s) (Fig 1.9) (Chow, Cena, & Schulz, 2007).
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Fig 1. 9. Structure of matrix metalloproteinases and their various classes based on their
structure and function. The various domains in MMP’s include signal sequence, Pro-domain, a
catalytic domain, Hemopexin domain, hinge region. Adapted and modified from (Chow et al.,
2007)
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Traditional
classification | Numerical MMP null Mutant Phenotype Enzyme substrates
of MMP classification
Collagenases
Collagenase-1 MMP-1 Collagen (I, IT, III, VII,
VIII, X), casein,
entactin, laminin, pro-
MMP-1, -2, -9, and
serpins
Collagenase-2 MMP-8 Causes skin tumors; resistance to | Collagen (I-1I1, V,
tumor necrosis factor (TNF)- VII, VIII, X), gelatin,
induced lethal hepatitis aggrecan, fibronectin
Collagenase-3 MMP-13 Bone remodeling defects;
reduction in hepatic fibrosis;
increased collagen deposition in
atherosclerotic plaques
Gelatinases
Gelatinase A MMP-2 Reduced body size; reduced Gelatin, collagen (IV—
neovascularization; decreased VI, X), elastin,
primary ductal invasion in the fibronectin
mammary gland; reduced lung
saccular development
Gelatinase B MMP-9 Bone-development defects; Gelatin, collagens (IV,
defective neuronal re-myelination | V, VII, X, XIV),
after nerve injury; delayed healing | elastin, fibrillin,
of bone fractures; impaired osteonectin
vascular remodeling; impaired
angiogenesis
Stromelysins
Stromelysin-1 MMP-3 Altered structure of Laminin, aggregan,
neuromuscular junctions; reduced | gelatin, fibronectin
purse stringing during wound
healing; altered secondary
branching morphogenesis in the
mammary gland
Stromelysin-2 MMP-10 Increased inflammation and Collagens (I1I-V),
increased mortality in response to | gelatin, casein,
infection or injuries aggregan, elastin,
MMP-1,8
Stromelysin-3 MMP-11 Delayed mammary tumorigenesis | Fibronectin, laminin,

aggregan, gelatin
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Matrilysin MMP-7 Innate immunity defects; Collagen (IV-X),
decreased re-epithelialization after | fibronectin, laminin,
lung injury gelatin, aggregan, pro-

MMP-9

Metalloelastase MMP-12 Diminished recovery from spinal | Elastin, gelatin,

cord crush; increased angiogenesis | collagen I, IV,

due to decreased angiostatin fibronectin, laminin,
vitronectin,
proteoglycan
Matrilysin-2 MMP-26 Gelatin, collagen IV,
pro-MMP-9

Membrane-type MMPs (MT-MMP)
MT-MMP-1 MMP-14 Skeletal remodeling defects; Collagen (1, 11, III),
angiogenesis defects; inhibition of | gelatin, fibronectin,
tooth eruption and root elongation; | laminin aggrecan,
defects in lung and submandibular | tenascin

gland and lethality
MT-MMP-2 MMP-15 Fibronectin, laminin,
aggrecan, perlecan
MT-MMP-3 MMP-16 Collagen I1I, gelatin,
casein
MT-MMP-4 MMP-17 Fibrinogen, TNF
precursor
MT-MMP-5 MMP-24 Abnormal response to sciatic Proteoglycans
nerve injury

Table 1. 4- Classifications of MMPs, substrates and phenotypes from knock out animals.
Table was adapted from (Jabtonska-Trypu¢, Matejczyk, & Rosochacki, 2016; Page-McCaw et
al., 2007).

1.7.1 Membrane Type-1 Matrix Metalloproteinase (MT1-MMP)

MT1-MMP, also commonly referred to as MMP-14 in the numerical classification of MMP’s, was
first discovered as a transmembrane metalloproteinase which was the first of its kind at the time.
The protein showed a unique ability to activate progelatinase-A (proMMP2) and it was proposed
to have a potential role in tumor invasion (Sato et al., 1994). The gene is found on chromosome

14 in both humans and mice, encoding a 582 amino acid protein of approximately 63kDa (Mignon,
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Okada, Mattei, & Basset, 1995). The human MMP14 gene consists of 10 exons and 9 introns

(figl.10).

Chromosome 14

Ll :Coding Region |l Untranslated Region

Fig 1. 10. MTI-MMP gene located on chromosome 14. Figure made by Adekunle Alabi, idea
adapted and modified from (Cem Kuscu, Evensen, & Cao, 2010)

1.7.2 Structure and function of MT1-MMP

The protein is expressed at adequately regulated levels in most tissues including the liver, skin,
kidney, placenta, lungs, ovary, spleen, fibroblasts, osteoblasts, adipocytes, epithelial cells
(Yoshifumi Itoh, 2015); the levels are however upregulated during development, tissue injury and
cancer invasion (Cem Kuscu et al., 2010). The protein contains seven domains in its latent form;

the signal peptide guides the protein through the secretory pathway.

The pro-domain contains a cysteine switch which keeps the protein inactive, this region contains
a conserved cysteine whose thiol group interacts with Zn" in the active site, thereby blocking and
preventing access of substrates to the active site (Ra & Parks, 2007). The inactive protein only

gains activity after the removal of its pro-domain. The thiol-zinc interaction needs to be broken;
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this can be achieved by 1) Oxidation of the free cysteine thiol group by oxidants, 2) allosteric
disruption of the thiol-zinc interaction, and 3) proteolytic cleavage. MT1-MMP contains a furin
recognition site in the pro-domain RXKR, that is cleaved by furin during the secretion of the
protein in the trans-Golgi (Thomas, 2002), and as such the protein is delivered to the cell surface

in an active form.

The catalytic domain is the site of proteolytic activity, it has a conserved zinc-binding motif
(HEXXHXXGXXH) with 3 histidine residues bound to Zn**. Once the pro-domain is excised, a
water molecule associates with the catalytic zinc. The water molecule further forms a hydrogen
bond with nearby glutamate residue (E240) (fig 1.11), thereby impacting on the water a
nucleophilic property required for proteolytic cleavage of peptide bonds (Decaneto et al., 2017).
The catalytic region is connected to a hinge region which is a flexible linker, this region helps
maintain proper conformation of the protein and deletion of this region is known to reduce MT1-
MMP capacity to activate pro-gelatinase A (Osenkowski, Meroueh, Pavel, Mobashery, &
Fridman, 2005). The hemopexin-like domain bears similarity to the serum protein hemopexin, it
is the largest region of MT1-MMP, providing a surface flat enough for protein-protein interactions.
Mutation in this region that affects MT1-MMP protein dimerization compromises its ability to
activate pro-gelatinase A and collagen degradation (Tochowicz et al., 2011). The transmembrane
region localizes and anchors MT1-MMP to the plasma membrane, while the cytoplasmic domain

is critical for endocytosis of the protein (Cem Kuscu et al., 2010).
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Fig 1. 11. Activation of MT1-MMP and interaction of water molecule with glutamate residue
to attain nucleophilicity. Distortion of the association between the thiol group within the pro-
domain and the catalytic Zn>" exposes the enzyme active site and further binding of a water
molecule to attained nucleophilicity. Figure made by Adekunle Alabi.

MTI1-MMP is the most studied MMP with diverse substrates identified ranging from extracellular
matrix materials, other MMP’s, soluble proteins and cell surface receptors (Barbolina & Stack,
2008). Substrates that have been reported for MT1-MMP include collagen I, II and III, gelatin,
fibronectin, laminin-1 (Ohuchi et al., 1997), a-integrins (Deryugina, Bourdon, Jungwirth, Smith,

& Strongin, 2000), pro-gelatinase A (pro-MMP?2) (Sato et al., 1994), proMMP13 (Knéuper et al.,
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1996), ADAM9 (Wong et al., 2012), syndecan-1 (Endo et al., 2003), ApoE (Aoki et al., 2005),
apoA1l (Stegemann et al., 2013), LYVE-1 (Wong et al., 2016) and LRP1 (Rozanov et al., 2004).
While some of these substrates are confirmed physiological targets of MT1-MMP, some may not,
given that most were identified by incubation of MT1-MMP with the proteins in-vitro or by

proteomic approaches (Yoshifumi Itoh, 2015).

MT1-MMP is a double edge sword protein with functions critical to physiological processes and
disease progression (Itoh & Seiki, 2004). MT1-MMP-mediated physiological processes include
angiogenesis (Hiraoka, Allen, Apel, Gyetko, & Weiss, 1998), skeletal development (Holmbeck et
al., 1999) and wound healing (Okada et al., 1997). MT1-MMP-mediated pathophysiological
processes include cancer cell invasion (Sato et al., 1994), cancer metastasis (Tsunezuka et al.,
1996), atherosclerosis (Rajavashisth et al., 1999a), inflammation (Sakamoto & Seiki, 2009) and
rheumatoid arthritis (Miller et al., 2009). MT1-MMP knockout results in lethality few weeks after
birth, which is the most drastic phenotype amongst MMP’s, given that their structural and
functional similarities make them compensate for each other (Itoh & Seiki, 2004). Knockout mice
or mice carrying a mutation in the hemopexin domain (S466P) which generates a misfolded ER
variant exhibit similar phenotypes such as arthritis, osteopenia, dwarfism, fibrosis, lack of collagen

turnover and consequently die from tissue wasting (Holmbeck et al., 1999; Sakr et al., 2018).

1.7.3 Regulation of MT1-MMP

1.7.3.1 Transcriptional Regulation of MTI-MMP Gene Expression

Aside from the characteristic tissue expression pattern of MT1-MMP, the protein is highly

expressed in cancer cells. However, the mechanism of activation is not clearly understood (Itoh,
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2015). The promoter region of MT1-MMP has no TATA box and contains overlapping SP-1 and
EGR-1 binding sites (Haas, Stitelman, Davis, Apte, & Madri, 1999). Collagen stimulated
transcription of MT1-MMP is mediated by Egr-1. The clustering of integrins which results from
the interaction between integrins and 3-dimensional collagen induces phosphorylation of Src
kinase which causes the induction of the transcriptional factor Egr-1 and consequently activation
of MT1-MMP transcription (Barbolina & Stack, 2008). Other transcriptional binding sites within
the MT1-MMP promoter include NFkB, E-box, AP-4, CARG Box (Haas et al., 1999). Some
growth factors and inflammatory cytokines such as TNF-a, TGF-B1, and EGF have also been

reported to induce the expression of MT1-MMP (Kuscu et al., 2010).

1.7.3.2 Post-transcriptional Regulation of MT1-MMP

Tissue inhibitors of metalloproteinase (TIMP’s) are a major endogenous inhibitor of MT1-MMP,
TIMPs 2,3 and 4 but not TIMP-1 are capable of inhibiting MT1-MMP at physiological levels
(Brew & Nagase, 2010). TIMP-2 mediates pro-MMP2 activation by MT1-MMP; the protein forms
a bridge between both MT1-MMP and pro-MMP2 (Yoshifumi Itoh, 2015). Reversion inducing
cysteine-rich protein of kazal motifs (RECK) is also an endogenous inhibitor of MT1-MMP (Oh

etal., 2001).

MT1-MMP undergoes dimerization either through its hemopexin domain (Itoh et al., 2001;
Tochowicz et al., 2011) or the transmembrane domain (Itoh, Ito, Nagase, & Seiki, 2008). These
interactions occur at the cell surface, while hemopexin interaction of monomeric units is required
for collagen degradation, it is not required for proMMP2 activation. Interactions at the
transmembrane domain are only required for proMMP2 activation but not for MT1-MMP

collagenolytic properties (Itoh et al., 2008).
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MTI1-MMP undergoes regulatory proteolytic cleavage of itself at high levels of activity (Itoh,
2015), this removes the whole catalytic domain of the protein. The active protein is a 60kDa protein
that undergoes autocatalytically cleaving Gly284-Gly285 and Ala255-11e256 peptide bond in the
hinge and catalytic region, generating a 44kDa specie (Pahwa, Stawikowski, & Fields, 2014). The
released 18kDa protein and the 44kDa protein generated are both catalytically inactive and do not

bind to TIMP-2 (Toth et al., 2002).

MT1-MMP undergoes endocytic internalization and recycling, which may be through clathrin pits
or caveolae dependent mechanisms (Remacle, Murphy, & Roghi, 2003). Endocytosis dependent
on clathrin is mediated by the association of LLY573 in the C-terminal with adapter protein 2,
which is a component of clathrin-coated pits. The internalization of MT1-MMP has been reported
to be critical for its function in cellular invasion (Uekita, Itoh, Yana, Ohno, & Seiki, 2001). Other
posttranslational modifications that regulate MT1-MMP activities and affect its ability to promote
cellular invasion include O-glycosylation in its linker region (Wu et al., 2004), palmitoylation at
cysteine 574 downstream of LLY573 in the C-terminal that is important for endocytosis of the

proteinase (Anilkumar et al., 2005) and phosphorylation (Lagoutte et al., 2016).

1.7.4 MT1-MMP and Atherosclerosis

Pro-inflammatory molecules play key roles in the development and progression of atherosclerosis;
interleukins, tumor necrosis factor-o (TNF-a) and oxidized-LDL have all been identified as players
that trigger smooth muscle cells and macrophages to upregulate MT1-MMP levels (Rajavashisth
et al., 1999). Increased expression of MT1-MMP correlates to increased activation of pro-MMP2,

both MTI-MMP and MMP2 contribute to extracellular matrix turnover that may play a key role
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in plaque development, progression and rupture (Kuscu, Evensen, & Cao, 2011; Raggi et al.,

2018).

75% of cardiovascular events are caused by atherosclerotic plaque rupture (Esper & Nordaby,
2019). Collagen is known to confer tensile strength on the fibrous cap of atherosclerotic plaques,
and as well influences the stability of the plaques (Aikawa & Libby, 2004). MT1-MMP is a
collagenase that has been implicated in the matrix remodeling of atherosclerotic plaque
(Rajavashisth et al., 1999b), the protein is almost 26-fold upregulated in macrophage-derived from
foam cells in rabbit plaques (Johnson, Sala-Newby, Ismail, Aguilera, & Newby, 2008). Given the
key role of MT1-MMP in collagen hydrolysis and plaque localization, the metalloproteinase
indispensably participates in collagen digestion in plaques and consequentially affects plaque
disruption and stability. Mice engrafted with MTI-MMP ~'~ bone marrow contained more collagen
content in aortic arch compared with control mice engrafted with MTI-MMP ** bone marrow
(Schneider et al., 2008). Schneider et’ al showed that macrophages lacking MT1-MMP may not
influence the size of atherosclerotic lesion or composition but rather significantly increase the
content of fibrillar collagen in plaque and as such reducing its instability. Similarly, foam cell
macrophages with an increased level of MT1-MMP have been reported to be highly invasive with
increased proliferation and apoptosis that elicit instability of atherosclerotic plaques (Johnson et
al., 2008). However, opposing phenotypes have reported in smooth muscle cells, MT1-MMP
deletion in smooth muscle cells significantly increased the severity of atherosclerotic plaque

compared to controls (Barnes et al., 2017).
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1.8 Rationale, Hypothesis and Aim of thesis

The LDLR pathway is the main route for clearing plasma LDL-C. Mutations in LDLR cause
familial hypercholesterolemia, which is characterized by elevated circulating levels of cholesterol,
specifically LDL-C (Goldstein & Brown, 2009b). Dyslipidemia resulting from the compromise of
the structure and function of the LDLR is associated with high levels of circulating cholesterol
which is pro-atherogenic and as such increases the risk of cardiovascular diseases (Shepherd &
Packard, 1986). Statins, currently the most prescribed lipid-lowering therapy, decrease plasma
LDL-C and reduce cardiovascular events by 20 to 40% (Brautbar & Ballantyne, 2011; Stancu &
Sima, 2001). Monoclonal antibodies against PCSK9 significantly lower LDL-C when
administered to humans (Lambert et al., 2014; Stein & Raal, 2014). However, intolerance to statin
therapy as well as numerous side effects of statins have been reported (Ahmad, 2014; Thompson,
Panza, Zaleski, & Taylor, 2016). On the other hand, PCSK9 monoclonal antibody therapy requires
injections of large amounts of antibodies to achieve clinical efficacy, with extremely high
production costs limiting the wide use of these drugs. Thus, the need for more effective and cost-

efficient therapy to lower LDL-C cannot be overemphasized.

The ectodomain of LDLR can be cleaved by proteases, leading to the release of a soluble form
(sLDLR) into cell culture media and human plasma (Begg et al., 2004; Fischer et al., 1993). Serum
levels of sSLDLR are positively correlated with plasma LDL-C levels (Shimohiro et al., 2015).
However, the protease(s) responsible for LDLR cleavage are yet to be identified. Broad-spectrum
inhibitors of metalloproteinase reduce LDLR cleavage and sLDLR production (Begg et al., 2004),
therefore implicating a metalloproteinase as a key player in the process. We have identified for the

first time, the extracellular matrix degrader, Membrane type-1 Matrix Metalloproteinase (MT1-
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MMP) as a key player in the cleavage of the LDLR. Thus, we propose that MT1-MMP-induced
LDLR cleavage decreases LDLR-mediated LDL uptake, leading to increased plasma LDL-C
levels. Similarly, the increased circulating LDL-C associated with MT1-MMP cleavage of the
LDLR may contribute to the development of atherosclerosis. We also propose that the cleaved
sLDLR, which retains its ligand-binding repeats may bind to LDLR ligands in circulation and
prevent ligand uptake by the membrane-tethered LDLR. Thus, we hypothesize that MT1-MMP
regulates the homeostasis of plasma lipoprotein cholesterol. To test this hypothesis, we chose the

following research aims.

1. Characterization and mechanistic study of MT1-MMP-mediated ectodomain

cleavage of the LDLR.

2. Determination of the role of hepatic MT1-MMP in the regulation of lipid

metabolism and atherosclerosis.

3. Determination of the fate of cleaved soluble LDLR in circulation.
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2.1 Materials

Minimum Essential Medium o (MEM o) without nucleosides, RMPI 1640 medium, Opti-MEM™,
penicillin-streptomycin, trypsin-EDTA solution, Dil-labeled human LDL, unlabeled human LDL,
Lipofectamine® 3000, Lipofectamine® RNAIMA X, High Capacity Complementary DNA (cDNA)
Reverse Transcription Kit, SYBR®Select Master Mix, Genelet and PureLink™ Hipure plasmid
miniprep kit, Bicinchoninic acid (BCA) protein assay kit and TRIzol® were obtained from
ThermoFisher Scientific. High-density lipoprotein (HDL) and LDL/Very low-density lipoprotein
(VLDL) Cholesterol Assay Kit was purchased from Cell Biolabs Inc. Total Cholesterol Assay Kit
was from Wako Life Sciences. Human and mouse LDLR DuoSet® and human LDLR Quantikine®
ELISA kits were from R&D Systems. Alanine transaminase colorimetric activity assay kit was
obtained from Cayman Chemical. RNeasy® Mini kit was from Qiagen. Dulbecco’s Modified
Eagle’s Medium (DMEM), fetal bovine serum (FBS), bovine serine albumin (BSA), Complete™
EDTA-free protease inhibitors, and X-tremeGENE™ HP DNA transfection reagent were
purchased from Millipore Sigma. All other reagents were obtained from Fisher Scientific unless

otherwise indicated.

Recombinant full-length human PCSK9 with a FLAG tag at the C-terminus was purified from
culture medium of human embryonic kidney (HEK)-293S cells stably expressing PCSK9 using
ANTI-FLAG® M2 affinity gel (Sigma) and FLAG peptide (Sigma) as described in our previous
studies (H. M. Gu, Adijiang, Mah, & Zhang, 2013; D.-W. Zhang et al., 2007). The following
antibodies were used: a rabbit anti-LDLR monoclonal antibody; HL-1, a mouse monoclonal anti-
the linker sequence between ligand binding repeat (LR) 4 and LRS5 of LDLR antibody; 3143, a

rabbit anti-LDLR polyclonal anti-serum directed against the C-terminal 14 amino acid residues of
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LDLR; 15A6, a mouse anti-PCSK9 monoclonal antibody; mouse anti-MT1-MMP monoclonal
antibodies (Millipore, clone LEM-2/15.8 and clone 113-5B7); rabbit anti-MT1-MMP polyclonal
antibodies (Millipore and ThermoFisher); a rabbit anti-MT1-MMP monoclonal antibody (Abcam);
a rabbit anti-MT2-MMP polyclonal antibody (ThermoFisher); a rabbit anti-LRP1 polyclonal
antibody (Novus Biologicals); a mouse anti-calnexin monoclonal antibody (BD Biosciences); a
mouse anti-actin monoclonal antibody (BD Biosciences); mouse anti-transferrin receptor
monoclonal antibodies (BD Biosciences and ThermoFisher); Dylight™ 800 and Dylight™ 680
conjugated rabbit anti-hemagglutinin epitope (HA) antibody (Rockland Immunochemicals,
Limerick, PA); a mouse anti-Myc monoclonal antibody 9E10 that was purified from culture
medium from hybridoma cells obtained from the American Type Culture Collection (CRL-1729)
using Protein G Sepharose Fast Flow (GE Healthcare); and a custom-made rabbit anti-MT1-MMP
antibody, 2247, that was produced by GenScript® using a recombinant mouse MT1-MMP (amino

acid residues 24-400) as the antigen.
2.2 Animal

C57BL/6], Apoe ”~ and Pcsk9 7~ mice were purchased from The Jackson Laboratory. The Cre-lox
strategy was used to selectively inactivate MT1-MMP in mouse liver. The vector, in which exon 2
and exon 4 of mouse MT1-MMP gene were flanked by LoxP sites, was purchased from EUCOMM.
MT1-MMP RTFLOX mice were generated in the Clara Christie Centre for Mouse Genomics at the
University of Calgary using embryonic stem cells that have a 50% C57 background. The
homozygous MT1-MMPfRTFLOX wag crossed to the FLPo mice (The Jackson Laboratory) to
remove the FRT-flanked selection marker. The resulting MTI1-MMP™9X mice were then
backcrossed with C57BL/6J for 6 times and then crossed with transgenic mice expressing Cre

recombinase under the control of the albumin promoter (The Jackson Laboratory) to produce mice
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with no active MT1-MMP in hepatocytes (MT1-MMPX®). Genotyping was performed by PCR
using AccuStart™ II mouse genotyping kit (Quanta Biosciences, Beverly, MA) and three primers

that were designed with Primer3 and synthesized by Integrated DNA Technologies (IDT®,

Coralville, CA).

Mice were housed 3 to 5 per cage with free access to water in a climate-controlled facility with a
12 h light/dark cycle. After weaning, mice were fed chow diet ad libitum containing 20% protein,
5% fat, and 48.7% carbohydrates (LabDiet, PICO Laboratory Rodent Diet 20, gross energy 4.11
kcal/gm). For the high fat/high cholesterol experiment, mice were fed Western-Type Diet
containing 0.15% cholesterol (TestDiet, kcal from fat 40%, protein 16%, and carbohydrate 44%).
All animal procedures were approved by the University of Alberta's Animal Care and Use
Committee and were conducted in accordance with the guidelines of the Canadian Council on

Animal Care.
2.3 Culture and treatment of cell lines

2.3.1 Cell Culture

All cells were cultured at 37 °C in a 5% CO; humidified incubator. Cell culture experiments were

carried out under aseptic conditions in a class II laminar flow cabinet.
2.3.2 Thawing of frozen cells

Cells stored in liquid nitrogen or -80°C freezer in cryovials (corning) were rapidly transferred into
a 37°C water bath to thaw for 30 sec. The content was then transferred into a 15 ml conical tube
containing 10 ml appropriate culture media for the cell and centrifuged at 150 x g for 5 min. The
supernatant was discarded, and the pellet was resuspended in 10 ml of culture media. Cells and

media were then transferred into a 100 mm culture dish and placed in an incubator.
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2.3.3 Cryopreservation of immortalized Cells

Culture media was removed from cells with 90-100% confluence in 100 mm plates and washed
twice with 2 ml of PBS. The cells were treated with the addition of 1 ml of trypsin (Sigma) for 5
min and suspended in 8 ml of appropriate culture media and transferred into a 15 ml conical tube
for centrifugation at 150 x g for 5 min. 1 ml of freezing solution (DMEM or MEM + 10% FBS +
10% DMSO) was added to resuspend the pellet. The cells were then transferred into cryovials. The
vials were stored in a freezing container containing isopropanol (Nalgene®) to be frozen in a -

80°C freezer overnight and subsequently stored in liquid nitrogen.
2.3.4 Immortalized cells

HEK293, HepG2, Huh7, and McA-RH7777 cells were maintained in DMEM (high glucose)
containing 10% (v/v) FBS and seeded at a density of 2 x 10° cells per 1 ml. Hepalclc7 cells were

maintained in MEM a (no nucleotides) containing 10% FBS.
2.3.5 Primary Hepatocytes
2.3.5.1 Primary Human Hepatocyte

Commercially available primary human hepatocytes (Triangle Research Labs) cells were thawed
from liquid nitrogen stocks and seeded onto a 12-well collagen-coated plate at the density of 2 x
10° cells per well in 1 ml of RPMI containing 10% FBS. Cells were incubated at 37 °C and allowed

to attach to the plate for 4 h before treatments and analysis.
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2.3.5.2 Primary Mice Hepatocyte

Mice primary hepatocytes were isolated from anesthetized mice, subjected to abdominal surgery
as described (Wei et al., 2010). The liver was perfused through the portal vein with HBSS buffer
containing 0.5mM EGTA through a single ligature around the portal vein, after which the vena
cava was quickly cut below the ligature. The liver lobes appeared clear after a short while and a
ligature was then made around the upper vena cava. The lower vena cava was tied up and the heart
was cut, letting the perfusate run out through the heart. The liver was then perfused with HBSS
containing Img/ml collagenase for 6 to 10 min. When digestion was complete, the liver was
dissected into a culture dish and transferred into a sterile 50 ml tube containing serum medium.
The liver suspension was washed, centrifuged at 100 x g for 2 min and filtered twice with a coarse
(80um) and fine (20um) filter. The cells were then resuspended in DMEM, counted and finally
seeded in a 60 mm collagen-coated culture plate (Corning) with DMEM high glucose + 10% FBS
for 5 h, after which the medium was changed to DMEM containing 0.5% FBS for treatments and

analysis.
2.3.6 Transfection

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
and briefly described below for 6 well culture plates. Scrambled and predesigned DsiRNAs against

MT1-MMP were purchased from IDT® and listed in Section 2.14.
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2.3.6.1 X-tremeGENE HP Transfection

2 ng DNA was added to 200 pl serum reduced Opti-MEM medium and vortexed briefly. Next, 2
ul of X-tremeGENE HP DNA transfection reagent was added and vortexed. The transfection

mixture was then incubated for 30 min at room temperature before adding drop by drop to cells.

2.3.6.2 Lipofectamine 3000 Transfection

2 ug DNA and 5 ul P3000 reagent was added to 125 pl serum reduced Opti-MEM medium and
vortexed (Transfection mixture A). 5 pl Lipofectamine 3000 reagent was then added to 125 pl
Opti-MEM medium and vortexed (Transfection mixture B). Transfection mixture A and B were
then combined and vortexed briefly, followed by a 5 min incubation at room temperature. The

Mixture was then added drop by drop to cells.

2.3.6.3 RNAIMAX Transfection

2 ul of 20 uM siRNA solution was added to 100 pl Opti-MEM medium and vortexed (Solution
A). 6 ul RNAIMAX reagent was then added to 100 pl Opti-MEM medium and vortexed (Solution
B). Solution A and B were then combined, vortexed and incubated for 5 min at room temperature.

The solution mixture was then added to cells drop by drop.
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2.3.7 Drug and inhibitor treatment of cells

2.3.7.1 Statin Treatment

24 h prior to cell collection for lysis, culture medium was replaced with fresh media containing
Lovastatin (J&K scientific) dissolved in Dimethylformamide (DMF) at a final concentration of

7.5 ng/ml and mevalonate (5 pg/ml). Same amount of DMF was added to the control group.

2.3.7.1 Illomastat GM6001

Culture medium in Huh7 cells at 90% confluence in 6 well plates was removed and replaced with
medium containing GM6001 (DMEM + 10% FBS medium at 30 and 100uM final concentration

of GM6001). Cells were then incubated for 16 h prior to lysis for western blot analysis.

2.3.7.3 DAPT (tert-butyl (2S)-2-[[(2S)-2-[[2-(3,5-difluorophenyl) acetyl] amino] propanoyl]

amino[-2-phenylacetate)

Cells were treated directly with 10 pM DAPT (Tocris, Bioctechne) for 24 h prior to lysis. DAPT

was solubilized in Dimethyl sulfoxide (DMSQO); Same amount of DMSO was added to the control
group.
2.3.8 Binding of PCSK?9 to recombinant extracellular LDLR

2.3.8.1 Incubation of PCSK9 and LDLR

4 ng of PCSK9 (D374Y) was incubated with or without various concentrations of rLDLR (A22-
R788) (0,1,2,4, and 8 ng) in the presence of 1% BSA to initiate binding of both proteins. The
mixture was incubated at 37°C for 1 h in a thermal cycler (C1000, Biorad). The mixture was then

added to 500 pl serum deficient DMEM.
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2.3.8.2 Addition of LDLR and PCSK9 mixture to Huh?7 cells

Huh?7 cells were seeded at 2 X 10° cells/ml in 6 well plates in 2 ml of DMEM containing 10% FBS
per well. 24 h after, the cells were washed twice with PBS and then incubated with 500 pl of
DMEM containing PCSK9 (D374Y) and rLDLR complex overnight at 37 °C in a 5% CO2

humidified incubator.

2.3.9 PCSK9-promoted LDLR degradation

Huh7 cells seeded in a 12-well plate (1.5 x 10° cells/well) were transfected with scrambled or
MT1-MMP siRNA. 48 h after, cells were washed twice with DMEM, followed by a 4 h-incubation
with PCSKO9 (2 pg/ml) in 0.5 ml of DMEM containing 5% Newborn calf lipoprotein poor serum
(NCLPPS). The cells were then collected for the preparation of whole cell lysate. Protein
concentrations were determined using the BCA protein assay. Same amount of whole cell lysate

was subjected to immunoblotting.
2.3.10 Measurement of Dil-LDL uptake in Huh7 cells
2.3.10.1 Dil-LDL incubation in cells with MTI1-MMP Knockdown prior to LDL uptake assay

Huh?7 cells were seeded at a density of 3 x 10* cells/well in a 96-well plate with 100 pl of DMEM
containing 10% FBS. 24 h later, the cells were transfected with scrambled or MT1-MMP siRNA
using Lipofectamine RNAIMAX. 48 h after, the LDL binding assay was performed. Briefly, cells
were washed with Opti-MEM once. Dil-labeled LDL (10pg/ml) was then added to cells in 100l
of DMEM containing 5% NCLPPS in the presence or absence of unlabeled human LDL (600

ug/ml). The plate was incubated at 37 °C for 6 h.
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2.3.10.2 Recombinant LDLR incubation with Dil-LDL prior to LDL uptake assay

5 pg of Dil-LDL was mixed with various concentrations of recombinant extracellular domain of
rLDLR (0.5,1,2 and 4 pg) in 1% BSA. The mixture was incubated at 37°C for 1 h in a thermal
cycler (C1000, Biorad) to initiate the binding of both proteins. After, the mixture was transferred
into a 96 well plate seeded with Huh7 at the density of 3 X 10* cells/well and 90% confluent for 4
h. The Huh7 cells were incubated with DMEM without serum overnight to increase LDLR

expression prior to the addition of Dil-LDL and rLDL mixture.
2.3.10.3 Fluorescent detection of LDL uptake

Cells were washed four times in a washing buffer (50 mM Tris-HCI, pH7.4, 150 mM NacCl, 2
mg/ml BSA) and then lysed in 100ul of RIPA buffer (50 mM Tris-HCI, ph7.4, 150 mM NacCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) containing 1x protease inhibitors. The
lysate was then transferred to a 96-well black plate for the measurement of fluorescence using a
SYNERGY plate reader (Excitation:520nm; Emission:580nm). The concentrations of total
proteins in each well were measured using BCA protein assay. LDL uptake was calculated by
normalization of the fluorescence units to the amount of total proteins in each well. The result
obtained in the presence of excess unlabeled LDL revealed nonspecific binding of Dil-LDL.
Specific binding was calculated by subtraction of nonspecific binding from the total counts

measured in the absence of unlabeled LDL.
2.3.11 Biotinylation of cell surface proteins

Cell surface proteins were biotinylated from modified method as described (Huang, 2012). Huh7
cells were seeded in a 6-well plate in 2 ml of culture medium at the density of 2.5 x 10° cells/ml.

24 h later, cells were transfected with scrambled or MT1-MMP siRNA. 24 h after transfection,
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cells were cultured in DMEM containing 5% NCLPPS for 16 h. Cell surface proteins were then
biotinylated. Briefly, cells were incubated with 1 ml EZ-Link Sulfo-NHS-LC-Biotin (Pierce) in
PBS (0.5mg/ml, pH 8.0) for 15 min at 4 °C with gentle rocking. The cells were then washed twice
in cold quenching buffer (0.1mM CaCl2 +1mM MgCI2 + 100mM Glycine), followed by a 20 min
incubation in 1 ml quenching buffer at 4°C with gentle shaking. The cells were then washed twice
with cold PBS and transferred to a 1.5 ml microtube for centrifugation at 2000 x g for 5 min
(Eppendorf Centrifuge, 5430R). The supernatant was discarded, and the pellet was lysed in 150 pl
of lysis buffer A containing 1 X PMSF. A total of 50 pl of cell lysate was saved and approximately
100 pl of the lysate (same amount of total proteins between the control and MT1-MMP knockdown
cells) was added to 60pl of 50% slurry of Neutravidin agarose (Pierce), in a 1.5ml microtube. The
sample was then rotated at 4°C overnight to immunoprecipitate biotinylated cell surface proteins.
The mixture was centrifuged at 5000 x g for 3 min. The supernatant was then discarded; the pellet
was washed 3X in lysis buffer A followed by a 5000 x g centrifugation each time. After the final
wash, the supernatant was discarded, and the beads were centrifuged again at 20,000 x g for 1 min
to remove the remaining solution. Biotinylated proteins attached to the beads were then eluted by
adding 1 x SDS loading buffer with a brief vortex, followed by heating at 85°C for 5 min. Eluted

proteins were then analyzed by immunoblotting.

2.4 Quantification of mRNA Expression

2.4.1 RNA Isolation

Total RNAs were extracted from cultured cells and mouse tissue using Trizol (Life Technologies)
according to the manufacturer’s instructions. Briefly, 1ml of Trizol was added to an extraction

tube containing 50 mg of animal tissue, followed by homogenization using a PowerGen 500
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Homogenizer (Fischer Scientific). Extraction from cultured cells involved the removal of growth
media and the addition of 0.4 ml Trizol per 1 X 10°-107 cells directly in the culture plates. The
content in each well of the culture plate was then pipetted up and down several times for
homogenization. Lysate from animal tissue and cultured cell were then incubated for 5 min at room
temperature. 0.2 ml of chloroform per 1 ml Trizol used for lysis was added and incubated for 3
min. The mixture was centrifuged at 12,000 x g at 4 °C for 15 min to separate the aqueous phase
and the phenol red-chloroform phase. The aqueous phase containing RNA was then transferred
into a new tube; isopropanol was added (0.5 ml per 1ml of Trizol initially used for lysis) and
incubated for 10 min at room temperature. After, the sample was centrifuged for 10 min at 12,000
x g and 4°C. The supernatant was discarded, and the RNA pellet was washed with 1ml of 75%
ethanol. The sample was vortexed for 5 sec and centrifuged at 7500 x g for 5 min at 4 °C. The
supernatant was discarded. The pellet was air-dried for 5 min and then dissolved in 50 pl of RNase
Free water for further analysis. RNA was quantified using Nanodrop spectrophotometer

(Nanoview Plus, GE)
2.4.2 cDNA synthesis

cDNA was synthesized using High Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems). Samples were mixed with reagent as indicated in (Table 2.1) in PCR tubes in a
thermal cycler (C1000, Biorad) under the following condition: 25 °C for 10 min, 37 °C for 120

min, 85 °C for 5 min and 4 °C as the holding temperature.

Component Quantity
RNA 2ug
10X RT buffer 2ul
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25X dNTP Mix 0.8ul
10X Random Primers 2ul
Reverse Transcriptase Tul

Nuclease free water

Made up to 10ul

Total per reaction

10ul

Table 2. 1-Reverse Transcription Reaction mixture

2.4.3 Quantitative Real-Time PCR (qRT-PCR)

Relative quantification of mRNA was done using qRT-PCR measurement of cDNA carried out on

a StepOnePlus™ using SYBR® Select Master Mix. Standards were generated from dilutions (4X,

16X, 64X and 156X) of a pool of control samples. Samples for analysis were diluted 15X. Each

reaction was carried out in 20 pl of sample mixture as indicated in (Table 2.2) in a Microamp®

96 well reaction plate (Applied Biosystems) with a PCR program as indicated in (Table 2.3).

Reaction Reagent Volume
Sample and standards 2ul
SYBR Green Master Mix 10ul
Forward and Reverse primers (10uM) 2 ul each
Nuclease free water 4ul

Table 2. 2-qRT-PCR reaction mixture
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Stage Time (seconds) Temperature (° C)
Holding 120 95
Cycling (40X cycles) 15 95
60 60
Melt Curve 15 95
60 60
15 95

Table 2. 3-qRT-PCR running parameters

Each sample was processed in triplicate, and the average cycle threshold was calculated. 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 GAPDH, MTI-, MT2-, MT3-, MT4-, MT5-, MT6-MMP, HMGCR, LDLR, PCSK?9,
SREBP2, and IDOL were designed by PrimerQuest Real-Time PCR Design Tool, synthesized by

IDT, Inc., and listed in the Section 2.14.
2.5 Site-directed mutagenesis

Plasmid pCR3.1 containing cDNA of the full-length MT1-MMP with an HA-tag between Aspl115
and Glull6 (pCR3.1-MT1-MMP, a gift from Dr. Weiss, University of Michigan) was used to
generate the mutant form of MT1-MMP. Plasmid pBudCE4.1 containing full-length hLDLR with
an N-terminal HA-tag was used to generate the mutant forms of LDLR. Mutagenesis was
performed using QuickChange Lightning site-directed mutagenesis kit (Agilent Technologies).
The reaction mixture was set up in a PCR tube as indicated in (Table 2.4), PCR analysis was
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conducted in a thermal cycler (C1000, Biorad) with parameters as shown in (Table 2.5). After
completion of the PCR run, 1 ul of Dpnl restriction enzyme was added to the reaction mixture and
gently mixed by pipetting the solution up and down. The mixture was then incubated at 37 °C for
30 min, after which 2 pl solution was used for transformation into 50 ul of DH5a competent cell
in an eppendorf tube. The competent cells were then incubated on ice for 20 min, heat pulsed at
42 °C for 30 sec in a water bath, and then incubated on ice for 2 min. 500 pul of prewarmed
Lysogeny broth (LB) was added to the tube containing DH5a and incubated at 37 °C for 1 h with
shaking at 225-250 rpm in a MAXQ 4450 (Thermo Scientific) incubator. 50 pl of LB broth was
then spread on a LB-agar plate containing 50mg/ml zeocin for pBudCE4.1 plasmid or 100mg/ml
ampicillin for pCR3.1 vector. The plates were incubated at 37°C overnight (16 h) to allow
bacterium growth. A single colony was picked and transferred into a tube containing LB broth
with appropriate antibiotics, the mixture was incubated at 37°C for 16 h with shaking at 225-250
rpm in a shaker (MAXQ 4450, Thermo Scientific). Plasmid DNA was isolated from cultured

bacteria using high pure miniprep kit (Invitrogen).

Briefly, 2-3 ml of E. coli bacteria culture in LB medium was centrifugated at 4,500 x g for 5 min
in an Eppendorf tube, the supernatant was discarded while the pellet was then resuspended in 0.4
ml resuspension buffer with RNase A. 0.4 ml lysis buffer was then added and the mixture was
gently inverted to mix for 5 X without vortex, followed by a 5 min incubation at room temperature.
Next, 0.4 ml precipitation buffer was added and mixed by inverting the tube until the mixture was
homogenous. The mixture was then spun at 12,000 x g for 10 min at room temperature. The
supernatant was loaded onto an equilibration column and allowed to drain by gravity flow. The
column was washed twice with wash buffer and then placed on a microcentrifuge tube; DNA was

eluted with 0.9 ml elution buffer. The DNA was then precipitated with 0.63 ml isopropanol and a
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12,000 x g centrifugation for 10 min. The supernatant was discarded, and the pellet was washed
with 1 ml 70% ethanol and a 12,000 x g centrifugation for 10 min. The supernatant was once more
discarded and the DNA pellet was dissolved in 50 ul TE buffer and measured using Nanodrop

spectrophotometer (Nanoview Plus, GE).

Reagent Amount

10X Reaction buffer 2.5ul

dsDNA 100ng
Primer 1 (10uM) 0.5ul
Primer 2 (10uM) 0.5ul
dNTP mix 0.5ul
Quick solution 0.75ul

QuickChange enzyme | 0.5ul

Water Made up to 25pl

Total 25ul

Table 2. 4-Mutagenesis PCR Reaction Mixture
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Segment | Cycles Temperature | Time
1 1 95°C 2mins
2 18 95°C 20sec
60°C 10sec
68°C 30sec/kb
plasmid
3 1 68°C Smins

Table 2. 5S-Mutagenesis PCR parameters

The sequences of the oligonucleotides containing the residues to be mutated were synthesized by
IDT® and listed in Section 2.14. The presence of the desired mutation and the integrity of each
construct was verified by sanger sequencing in the Applied Genomics Core (TAGC) at the

University of Alberta.
2.6 Western Blot and Protein Expression Analysis

2.6.1 Protein extraction from cultured cells

Protein extraction from cultured cells was mostly carried out 48 h after transfection. Culture
medium was removed from plates and cells were washed with 1 ml of PBS. The cells were scraped,
collected in 1 ml of PBS, and then centrifuged (1,500 x g, 4 °C for 5 min). The supernatant was
discarded. Cells were lysed in lysis buffer A (1% Triton, 150 mM NaCl, 50 mM HEPES, pH 7.4)
containing 1 x Complete EDTA-free protease inhibitors for 30 min on ice and vortexed

intermittently every 10 min. Cell lysis was spun for 10 min at 20,000 x g at 4 °C, the supernatant
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was collected as whole cell lysate. Protein concentrations were determined by the BCA protein

assay.

2.6.2 Protein extraction from animal tissues

Snap frozen liver tissue samples stored at -80 °C were thawed and weighed into a 2 ml tube.
Homogenization buffer (250mM Sucrose, 5S0mM Tris-HCI, pH7.4, ImM EDTA, and 1X protease
inhibitors) was added in a volume 4 X the tissue weight to obtain 20% homogenate as described
(Bahitham, Watts, Nelson, Lian, & Lehner, 2016). Homogenization was carried out using a
PowerGen 500 Homogenizer (Fischer Scientific). Homogenized tissue was then incubated on ice
for 30 min with intermittent vortex every 10 min. The samples were then spun for 10 min at 20,000
x g at 4 °C. The supernatant was collected as tissue homogenate. Protein concentrations were

determined by the BCA protein assay.

2.6.3 Protein Assay and quantification

Protein concentrations from tissue and cell lysate homogenate were determined using
Bicinchoninic acid assay (BCA, Thermo Scientific), BCA protein assay reagent A and B were
mixed 50:1 (BCA solution) to make the working BCA solution. Protein standards for the assay
were made from bovine serum albumin (BSA) at concentrations ranging from 0,2,4,6,8 and 10
mg/ml. 4 pl of standards or samples of tissue and cell lysate was added to a 96 well plate, followed
by the addition of 200 pl of the working BCA solution. The plate was then incubated at 37 °C for

30 min. Absorbance was read at 562nm using a SPECTRA MAX 250 microplate reader.
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2.6.4 Immunoprecipitation
2.6.4.1 Immunoprecipitation of LDLR and MTI from cell lysate

Briefly, cells were cultured in DMEM containing 5% NCLPPS for 16 h to increase the expression
of LDLR and then lysed in lysis buffer A containing 1x Complete EDTA-free protease inhibitors.
Same amount of total proteins was applied to a monoclonal anti-LDLR antibody (HL-1), a
monoclonal anti-MT1-MMP antibody (Millipore, clone LEM-2/15.8), or a monoclonal anti-Myc
antibody (9E10) and rotated for 2 h. After, 50 pul of protein-G beads (50 % slurry) was added and

rotated overnight.
2.6.4.2 Immunoprecipitation of SLDLR From Plasma

500 ul of pooled plasma isolated from Ldlr”~ or wild-type mice were applied to a rat anti-mouse
LDLR antibody (4 pg/ml, R&D System) and rotated for 2 h. After, 50 ul of prewashed protein-G

beads (50 % slurry) was added, followed by a rotation overnight at 4 °C.
2.6.4.3 Elution of immunoprecipitated Protein

Immunoprecipitated samples were washed 3 X in 1 ml of lysis buffer A and spun at 5,000 x g for
5 min, the supernatant was discarded. The immunoprecipitated proteins were then eluted from the
beads by addition of 2 x SDS-PAGE sample buffer (100 mM Tris-HCL, pH 6.8, 4% SDS, 20%
glycerol, 0.04% bromophenol) containing 5% B-mercaptoethanol with heating at 85°C for 5 min.
The eluted samples and whole cell lysate or plasma input were then subjected to SDS-PAGE (8-

20%) and immunoblotting.
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2.6.5 Immunoblotting

Same amount of whole cell and tissue lysate was subjected to immunoblotting as described (AU -
Gallagher & AU - Chakavarti, 2008). Protein content in the lysates was denatured and exposed to
a reducing agent with the addition of 4X laemmli sample buffer (0.2M Tris pH 6.8, 8% SDS, 40%
glycerol, 0.08% bromophenol blue and 5% B-mercaptoethanol), followed by heating at 65 °C for
10 min. Samples and a protein ladder (FroggaBio) were loaded into an 8% acrylamide gel (1.5 mm
thick) except otherwise stated, in an electrophorator (Biorad) connected to a power supply.
Samples were then separated on the gel based on their sizes by running at 80V for 10 min followed
by 120V in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) until the blue dye ran out
of the gel. Separated proteins were then transferred from the gel to nitrocellulose membranes
(10600004, GE Healthcare) in a transfer apparatus (Biorad) containing transfer buffer (25 mM
Tris, 192 mM glycine, 10% methanol). Transfer was carried out at 400 mA constant current for 90
min with the Electro-transfer apparatus on ice. The membrane was then blocked in PBST
containing 5% skimmed milk for 60 min, after which they were washed 3 X in PBST for 5 min.
Primary antibodies were added in appropriate dilutions in PBST with 0.2% sodium azide as
indicated in Table 2.6. The membrane was incubated overnight at 4°C on a shaker. After, the
membrane was washed 3 X in PBST. Antibody binding was detected using IRDye®680 or
IRDye®800-labeled goat anti-mouse or anti-rabbit IgG secondary antibodies. The signals were

detected on a Licor Odyssey Infrared Imaging System (Li-Cor).
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Antibody Company Catalogue No | Dilutions
Rabbit anti-LDLR (3143) N/A N/A 1:5000
Mouse anti- LDLR (HL-1) N/A N/A 1:2000
Mouse anti-PCSK9 Millipore MAB3328 1:2000
Rabbit anti-MT1-MMP abcam ab51074 1:5000
Rabbit anti-LRP1 NOVUS NBP1-40726 1:5000
Mouse anti-calnexin BD Bioscience 610524 1:5000
Mouse anti-actin BD Bioscience 612657 1:10000
Mouse anti-transferrin receptor | BD Bioscience 612125 1:3000
Rabbit anti-HA Thermo Scientific OPA1-10980 1:10000

Table 2. 6-Antibody dilution

2.6.6 TCA Precipitation

TCA precipitation was determined from modified method as described (Koontz, 2014). Cold 100%
Trichloroacetic acid (TCA) was added to culture media samples to be precipitated in a 2 ml
Eppendorf tube. The final concentration of TCA was 15% (v/v). The samples were vortexed
immediately for 30 sec. The samples were then rotated overnight at 4 °C using a Rotator (Glas-

Col), followed by centrifugation at 20,000 x g for 20 min at 4 °C. The supernatant was discarded,
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and 2 ml of cold acetone (-20 °C) was added to pellet, followed by a 10 sec vortex and incubation
on ice for 15 min. The sample was then spun at 20,000 x g for 20 min at 4°C. The supernatant was
discarded, and the pellet was air-dried until the color was changed from white to transparent. The
pellet was then dissolved in 60 ul of 9M urea with the addition of 20 ul of 4X SDS loading buffer

prior to western blot analysis.
2.6.7 Gelatin Zymography

Culture medium was collected from cells 48 h after treatment, and protein concentrations were
measured by the BCA assay. Same amount of culture medium (80 pg of total proteins) or 5 pul of
plasma sample from mice were used for zymography analysis (Brooks, Schumacher, Toth, &
Fridman, 2003). Briefly, samples were mixed with 4 x denaturing sample buffer (200 mM Tris-
HCI, pH 6.8, 8% SDS, 40% glycerol, 0.08% bromophenol) and subjected to electrophoresis on an
8% SDS gel containing 2 mg/ml of gelatin. The gel was washed 3 X with 2.5% Triton X-100 in
water and then incubated for 16 to 20 h in a renaturing buffer (50 mM Tris-HCI, pH7.5, 5 mM
CaClp, 150 mM NacCl, and 0.05% NaN3). Gels were stained with Coomassie Blue R250, de-stained
in a solution containing 40% (v/v) methanol and 10% (v/v) acetic acid, and then scanned on a
Licor Odyssey Imaging System. MMP2 was visualized as a clear band of degraded gelatin on the

blue background of Coomassie Blue staining.
2.6.8 Immunofluorescence

Confocal microscopy was carried out as described in our previous study (H. Gu et al., 2016). Huh7
or HepG2 cells seeded onto coverslips (1.0 x 10° cells/ml) were transfected with or without MT1-
MMP cDNA as indicated. 36 h later, cells were cultured in DMEM containing 5% NCLPPS for

16 h, fixed with 3% paraformaldehyde, and then permeabilized with cold methanol for 10 min at
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-20 °C. The cells were then incubated with a mouse anti-LDLR monoclonal antibody and a rabbit
anti-MT1-MMP (Abcam) (1:100) or anti-HA antibody. Antibody binding was detected using
Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 568 goat anti-mouse IgG. Nuclei were
stained with 4°, 6-diamidino-2-phenylindole (DAPI, ThermoFisher). After washing, coverslips
were mounted on the slides with ProLong Diamond Antifade Mountant (ThermoFisher).
Localizations of LDLR and MTI-MMP were determined using a Leica SP5 laser scanning

confocal microscope (filters: 461 nm for DAPI, 519 nm for Fluor 488, and 543 nm for Fluor 568).
2.6.9 Immunohistochemistry

All liver sectioning and staining were performed by the HistoCore facility in Alberta Diabetes
Institute at the University of Alberta. Briefly, a portion of the liver was fixed in 10% formalin and
embedded in paraffin, followed by sectioning at 5 um thickness onto Histobond slides. The slides
were then subjected to hematoxylin and eosin (H&E) or trichrome staining. Cryo-sectioned liver
tissues were used for Oil Red O staining. The resulting slides were imaged using ZEISS Axio
Observer Al. The relative stained area was then quantified with Imagel] software (National

Institute of Health) using color segmentation and threshold analysis.

2.7 Agarose Gel Electrophoresis and MT1-MMP FLOX genotyping

2.7.1 DNA Extraction from tissue

DNA extraction from mouse tissue and PCR reaction was carried out using AccuStart™ II Mouse
Genotyping Kit (Quanta, Bioscience). Briefly, 2 mm of mouse ear notch tissue was added into
PCR tube containing 50 pl of extraction reagent. Samples were heated at 95 °C for 30 min and

allowed to cool down to room temperature. An equal volume of stabilization buffer was then added
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into each sample, after which 1ul of extract sample was used for PCR reaction conducted in a

thermal cycler (C1000, Biorad), as indicated below in Table 2.7 and 2.8.

Reaction Component Quantity(pl)
Tissue DNA extract 1

Water 1

10uM WT-F Primer 1

10uM WT-R Primer 1

10uM FLOX-F Primer 1

2X PCR SuperMix 10

Table 2. 7-Reaction Mixture for Genotyping

Segment | Cycles Temperature | Time

1 1 94°C 3mins
2 35 94°C 15sec
3 63°C 15sec
4 72°C 30sec
5 1 12°C o0

Table 2. 8-PCR parameters for Genotyping
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2.7.2 Agarose gel

Agarose gels were prepared in TBE (Tris borate and EDTA) at 2% (w/v) concentration of agarose.
The mixture was heated in a microwave for 1 min and allowed to cool down for 3 min, after which
SYBR Safe DNA gel stain (Invitrogen) was added at 0.005% (v/v). The gel was then poured to a

Gel setting device (Biorad) with 15 well comb and allowed to solidify for 1 h at room temperature.
2.7.3 Gel Electrophoresis

The gel was transferred into Sub-cell GT gel electrophoresis apparatus (Biorad) connected to a
power source (VWR) and covered with 1 X TBE. 5 pl of 100bp DNA ladder (FroggaBio) was
used as the marker. 20 pl of PCR product was added to each well. The electrophoretic apparatus

was subjected to a constant voltage at 100V for 40 min, Gel was then imaged using G-Box

(Syngene).
2.8 Extraction of lipids

Folch lipid extraction protocol was used to isolate lipids (Folch, Lees, & Sloane Stanley, 1957).
Liver samples were lysed with a homogenization buffer (50 mM Tris-HCI, 250 mM sucrose and
1 mM EDTA, pH 7.4) using PowerGen 500 Homogenizer (Fischer Scientific). Lipids were
extracted from 4 mg of liver homogenate transferred into a glass tube and made up to 1ml with
PBS; 4 ml of chloroform-methanol mixture (2:1) was then added and vortexed for 1 min. The glass
tube was then spun at 700 x g for 10 min in a centrifuge (Eppendorf, 5810R), the chloroform
bottom phase was transferred to a new glass tube using a 9-inch glass Pasteur pipette (Fischer) and
dried under nitrogen. Lipids were then dissolved in 1 ml chloroform with 2% Triton X-100 and
dried under nitrogen again. The dried samples were then re-dissolved in 1 ml of distilled H,O and

incubated in a 37 °C water bath for 15min with intermittent vortex every 5 min. The levels of TG
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and total cholesterol in 50 ul of samples were measured using commercial kits from Roche

Diagnostics and Wako Diagnostics, respectively.
2.9 Plasma lipid and Alanine aminotransferase (ALT)

Blood samples were collected into heparin-coated tubes (BD Biosciences) from the tail or
saphenous veins of mice (age of 8-12 weeks) on chow or the Western-type diet. The blood was
centrifuged at 3,000 x g for 20 min to isolate plasma. Plasma from each mouse was subjected to
ALT measurement using the ALT enzymatic activity assay kit (Cayman Chemical), plasma
triglyceride was measured with Trig/GB kit (Roche Diagnostics) and total cholesterol
measurement with Cholesterol E kit (Wako Diagnostics), respectively, according to the

manufacturer’s instructions.
2.9.1 ALT determination

ALT measurement was carried out using ALT enzymatic activity assay kit (Cayman Chemical).
Briefly, 5 pl plasma and positive control samples were loaded into 96 well plates containing 50 pl
ALT substrate and 5 ul enzyme cofactor. The plate was covered and incubated at 37 oC for 15
min. The plate was removed, and the enzymatic reaction was initiated by the addition of 5 ul ALT
assay initiator as quickly as possible. Immediately absorbance was read at 340 nm once every

minute for a period of 5 min. ALT activity was calculated from the equations below.

AA340/min =/ AA340(Time 2) - AA340(Time 1) /

Time 2 (min) — Time 1 (min)

ALT activity (U/L) = | AAss/min x 0.065ml | X 1000

4.11mM! x 0.065ml
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2.9.2 Cholesterol determination

Total cholesterol was measured using cholesterol E kit (Wako Diagnostics). Briefly, a working
colour reagent solution was prepared by mixing colour reagent with buffer solution. 3 pul of sample
and standard solution (0, 10, 20, 40, 60, 100 and 150 mg/dl) were added into 96 well plate. Next,
200 pl colour reagent solution was added, and the plate was incubated for 5 min at 37 °C followed
by absorbance reading with a SPECTRA MAX 250 plate reader at 600 nm. A graph of absorbance
vs standard concentration was plotted to generate a standard curve and plasma concentration was

determined from extrapolation of measured absorbance.

Plasma HDL and non-HDL were separated using the HDL and LDL/VLDL Cholesterol Assay Kit
(Cell Biolabs). Briefly, 5 pul of plasma was mixed with 5 pl of the Precipitation Reagent,
centrifuged at 2,000 x g for 20 min. The supernatant (HDL fraction) was transferred to a new tube.
The pellet was dissolved in 10 pl of PBS. Cholesterol content in each fraction was measured using

the Cholesterol E kit (Wako Diagnostics).

Lipoprotein profiles were analyzed by the Lipidomic Core Facility at the University of Alberta.
Briefly, 5pl of plasma from each mouse in the same experiment group was pooled and 30 pl was

subjected to Fast Protein Liquid Chromatography (FPLC) with a Superose 6 column.

2.9.3 Triglycerides determination

Triglycerides were measured using Trig/GB kit (Roche Diagnostics). Briefly, 5 ul of plasma was
added to 96 well plate followed by the addition of 100 pl colour reagent R1, the sample was mixed
and incubated for 10 min at 37 °C. Blank absorbance was read at 540 nm, this was followed by the

addition of 5 pul glycerol standards (0, 0.0087, 0.017, 0.035, 0.07, 0.14 and 0.28 mM). 100 pl colour

70



Chapter 2: Materials and Methods

reagent R2 was added to the mixture and incubated for 1 h at 37 °C, absorbance was then read with
a SPECTRA MAX 250 plate reader at 540 nm and plasma concentrations were extrapolated from

standard curve.

2.10 ELISA Measurement of sLDLR and PCSK9

Plasma sLDLR and PCSK9 were both measured using their respective DUOSET ELISA kits

(R&D Systems) according to the manufacturer’s instructions.

2.10.1 Plate Preparation

Capture antibody was diluted to working concentration in PBS and immediately coated to a 96
well microplate at 100 pl per well. The plate was sealed and incubated overnight at room
temperature; this was followed by a 3 X wash with 400 ul wash buffer. The plate was then blocked
with 300 pl reagent diluent solution and incubated at room temperature for 1 h. Reagent diluent

was discarded, and the plate was washed 3 X with 400 pl wash buffer.

2.10.2 Assay Procedure

100 pl of sample and standards in reagent diluent was added to the plate in triplicate and covered
with an adhesive strip for an incubation period of 2 h at room temperature. This was followed by
a 3 X wash with wash buffer and the addition of 100 pl per well detection antibody diluted in
reagent diluent with a 2 h incubation at room temperature. After incubation, the plates were once
again washed 3 X with wash buffer. 100 ul per well of working dilution streptavidin-HRP in
reagent diluent was then added to the plate with a 20 min room temperature incubation, which was
followed by a 3 X wash with wash buffer as stated earlier. 100 pul per well of working substrate
solution made from 1:1 mixture of colour reagent A and B was added to the plate and incubated

for 20 min while avoiding direct light contact. 50 pul per well stop solution was added to the plate
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and tapped gently for thorough mixing. The optical density of each well in the microplate was

measured with a SPECTRA MAX 250 plate reader at 540 nm; unknown sample concentrations

were determined by extrapolations of optical density from standard curve.

Reagent/Sample | Mouse SLDLR | Human sLDLR | Mouse PCSK9 | Human PCSK9
Capture 4 pg/ml 4 pg/ml 2 pg/ml 2 pg/ml
Antibody

Detection 200 ng/ml 400 ng/ml 400 ng/ml 100 ng/ml
Antibody

Streptavidin- 200 X dilution | 200 X dilution 200 X dilution 200 X dilution
HRP

Standard 125-4000 pg/ml | 125-8000 pg/ml | 31.2-2000 pg/ml | 125-8000 pg/ml
Plasma 20 X dilution 20 X dilution 40 X dilution 40 X dilution
Cell culture - 5 X dilution - 10 X dilution
media

Table 2. 9-Working Concentration of Reagents and Samples for ELISA measurement of
sLDLR and PCSK9
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2.11 Expression of MT1-MMP in mice using Adenovirus or Adeno-associated

virus (AAYV)

Recombinant adenoviral vectors containing cDNAs for the wild-type and mutant human MT]1-
MMP were generated using the AdEasy™ Adenoviral Vector System (Agilent Technologies) as
described (D. W. Zhang, Graf, Gerard, Cohen, & Hobbs, 2006). Briefly, MT1-MMP cDNA was
subcloned into the pShuttle-CMV vector between the restriction enzyme sites HindIII and EcoRYV,
followed by in vitro cre-lox recombination. Adenoviruses were packaged and amplified in QBI
293 cells and then purified using CsCl density-gradient ultracentrifugation. After desalting with
the EconoPac 10DG column (Bio-Rad), adenoviral particles were injected into mice intravenously
(1.0 x 10! particles/mouse). 72 h later, tissues and blood were collected from euthanized mice.
For cultured cells, cells were plated on a 12-well plate at the density of 1.5 x 10° cells/well in 1 ml
of culture medium. 24 h later, cells were infected with adenovirus (4 x 10° particles/well). 48 h

after infection, the cells were collected for analysis.

AAV carrying human MT1-MMP cDNA under the control of a hepatocyte-specific thyroxine-
binding globulin (TBG) promoter was generated using the AAV-DJ/8 Helper Free Expression
Complete System in accordance with the manufacturer’s instruction (Cell Biolabs, Inc). Briefly,
pAAVTBG.PLEGFP.WPRE.bGH (Addgene) was cut with Notl and HindIIl and a fragment of
about 4.8 kb was isolated. Human MT1-MMP ¢cDNA was amplified from plasmid pCR3.1-MT1-
MMP with PCR using a forward primer with the Not I site at the beginning and a reverse primer
containing the Hind III site at the end. The PCR fragment was digested with Notl and Hind III,
purified, and then ligated to NotI-HindIII digested pAAVTBG.PLEGFP.WPRE.bGH using the
Quick ligation kit (NEB). The integrity of MT1-MMP cDNA was verified by DNA sequencing.

The resulting vector together with pAAV-helper and pAAV-DJ/8 was transfected to QBI 293A
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cells using polyethylenimine (DNA: PEI=1:4. PEI. Polysciences, Warrington, PA). 72 h post-
transfection, AAV was purified from the cells using OptiPrep™ (Sigma) density-gradient
ultracentrifugation as described (Zolotukhin et al., 1999). AAV particles were collected from the
40% density step, diluted in PBS, concentrated with Amicon Ultra-15 Centrifugal Filter Unit
(Millipore, 100K NMWL), and tittered using qRT-PCR. Purif ied AAV particles were injected
into mice retro-orbitally (1.0x10!!' genomic copy (GC)/mouse). 30 days after injection, mice were

euthanized, blood and tissues were collected for analysis.

2.12 Atherosclerosis Study

8-week-old male apoE™ mice were randomly divided into two groups (6 mice/group) and injected
with AAV-Empty (Control group) or AAV-MTI-MMP (1.0x10'° GC/mouse) for MT1-MMP
overexpression experiment. Similarly, 8-week-old male MTIF'**/apoE”" mice (6 mice/group) were
injected with either AAV-GFP (Control group) or AAV-TBG-cre (1.0x10'® GC/mouse) to
knockdown hepatic MT1-MMP expression in the liver. The mice were then fed the Western-Type
Diet containing 0.15% cholesterol (TestDiet, kcal from fat 40%, protein 16%, and carbohydrate

44%) for 8 weeks.
2.12.1 Histological Quantification of Plaques

Plaque quantification was carried out as described (Daugherty & Whitman, 2003). Briefly, the
heart and aorta were perfused with heparin and 4% paraformaldehyde. After perfusion and
fixation, the aortas and hearts were collected immediately from euthanized mice and fixed in 4%
paraformaldehyde. Serial sections (8 um thick) were taken throughout the three aortic valves of

each mouse and six sections per mouse were collected for the analysis. Images were taken using
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an OMAX M837ZL-C140U3 microscope (Magnification 100X). The atherosclerotic burden was
quantified by measuring the surface area of Oil Red O positive lesions on the cross-sectional area

of the aorta sinus. Lesion areas were quantified with OMAX ToupView.
2.12.2 Lipid Extraction and Cholesterol Ester Determination from the Aorta

Aortic lipid extraction was carried out as described (Denis et al., 2012). The aorta was cut into
small pieces and homogenized in 250uL of 50 mM Tris-HCI (pH7.4), 250 mM sucrose, and 1 mM
EDTA by a glass/Teflon homogenizer. Samples were sonicated 3x10 sec on ice and the volume
was completed to 1 ml with PBS. Homogenized samples were transferred into a glass tube with 4
mL of chloroform/ methanol (2:1) and incubated for 1 h with vigorous agitation. Samples were
then centrifuged at 1000 g for 10 min, the bottom phase was transferred to a new glass tube and
dried under nitrogen. 500 pl of 2% Triton X-100 in chloroform was added before final evaporation
under nitrogen. Lipid extracts were then dissolved in 250 pl of distilled water. For the
determination of total and free cholesterol, 30 ul of lipid extract was loaded per well on a 96-well
plate together with a set of known cholesterol standards using Cholesterol assay kit (Cell Biolabs).
CE was determined by deducting the values of free cholesterol from Total cholesterol

measurements.

2.13 Statistical analysis

All statistical analyses were carried out by GraphPad Prism version 8.0 (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 analysed 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, **
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p<0.01, *** p<0.001. All experiments except for where indicated were repeated at least three

times.

2.14 Primers

1) Genotyping
Primers for genotyping MT1-MMPM°* mice
Forward1-CCTACCATGGGCATAACCTG;
Reverse-AGGGTGCAGACAGATGGAAG;
Forward 2-TCTGGATTCATCGACTGTGG.
Primers for detecting MT1-MMPXO mice
Forward1-CCTACCATGGGCATAACCTG;
Reverse-AGGGTGCAGACAGATGGAAG;
Forward 2-TCTGGATTCATCGACTGTGG.

2) Site-Directed Mutagenesis and PCR Primers
E240A MT1-MMP: Forward-5'-GGTGGCTGTGCACGCGCTGGGCCATGCCC-3
Reverse-5'-GGGCATGGCCCAGCGCGTGCACAGCCACC-3'
A37P MT1-MMP: Forward-5'-AGCTTCAGCCCCGAACCCTGGCTACAGCAA-3";
Reverse-5'-TTGCTGTAGCCAGGGTTCGGGGCTGAAGCT-3'
AS521V LDLR: Forward-5'-CTCCAAGCCAAGGGTCATCGTGGTGGAT-3";
Reverse-5'-ATCCACCACGATGACCCTTGGCTTGGAG -3'
A529V LDLR: Forward-5'-GTGGATCCTGTTCATGTCTTCATGTACTGG-3";
Reverse-5'-CCAGTACATGAAGACATGAACAGGATCCAC-3
N645V LDLR: Forward-5'-AACTTGTTGGCTGAAGTCCTACTGTCCCCA-3';

Reverse-5'-TGGGGACAGTAGGACTTCAGCCAACAAGTT-3'
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A789V LDLR: Forward-5-CAGTAGCGTGAGGGTTCTGTCCATTGTC-3;

Reverse-5'-gACAATGGACAGAACCCTCACGCTACTG-3'

PCR: Notl-Forward-5'-
TCTAGAGCGGCCGCATGTCTCCCGCCCCAAGACCCCCCCGTTGTC-3"); HindlIII-
Reverse-5'- CCATGGAAGCTTTCAGACCTTGTCCAGCAGGGAACGCTGGCAG -3'
DsiRNA
Scrambled DsiRNA Forward-AUUAGUGUGCGAUGUACCCAGGAAC; Reverse-
GUUCCUGGGUACAUCGCACACUAAUAU
MT1-MMP DsiRNA1 Forward-UCCGUGGAAACAAGUACUACCGUTT; Reverse-
AAACGGUAGUACUUGUUUCCACGGAAG
MT1-MMP DsiRNA2 Forward- CGCCGACUAAGCAGAAGAAAGAUCA; Reverse-
UGAUCUUUCUUCUGCUUAGUCGGCGAA
qRT-PCR Primers
Human
GAPDH Forward-GGTGTGAACCATGAGAAGTATGA; Reverse-
GAGTCCTTCCACGATACCAAAG
MTI1-MMP Froward-TGCCTACCGACAAGATTGATG; Reverse-
ATCCCTTCCCAGACTTTGATG
MT2-MMP Froward-ACAACTATCCCATGCCCATC; Reverse-
CTTCTCGAAAGAGCCAGTAGC
PCSK9 Forward-CACAGAGTGGGACATCACAG; Reverse-

TTTGGCAGAGAAGTGGATCAG
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LDLR Forward-TTCACTCCATCTCAAGCATCG; Reverse-
ACTGAAAATGGCTTCGTTGATG
IDOL Forward-TGCTGTGTTATGTGACGAGG:; Reverse-
CTTTGCTACCCGTAAACTGC
SREBP2 Forward-TTCCTGTGCCTCTCCTTTAAC; Reverse-
TCATCCAGTCAAACCAGCC
HMGCR Forward-ACAGATACTTGGGAATGCAGAG; Reverse-
CTGTCGGCGAATAGATACACC

Mouse
GAPDH Forward-AACTTTGGCATTGTGGAAGG; Reverse-
GGATGCAGGGATGATGTTCT
MTI1-MMP Froward-TCACCCCAGTCACTCTCAG; Reverse-
CTCAGTCCCAAACTTATCCGG
MT2-MMP Froward-CGTTCTAGACAACTACCCCATG:; Reverse-
TTCTCGGAAAAGCCAGTAGC
MT3-MMP Forward-CGCTACGCATTAACTGGACAG; Reverse-
AGGAGTTACATTCTGCCACAC
MT4-MMP Forward-GCTCAAATGCATCGCTTCTG; Reverse-
TGTCCTTAAACACCCAGTATCTG
MT5-MMP Forward-AGAAGTGGAGGCAGAAACAC; Reverse-
CTCTTCAAAGGTCAGTGGAGTC
MT6-MMP Forward-GTCCCAAAATCCAAATGCCAG; Reverse-

AAAATTTCCCCTCGAATGTTGG
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ADAMI17 Forward-GGGTTTTGCGACATGAATGG; Reverse-
GAAAACCAGAACAGACCCAAC

LDLR Froward-ACCCGCCAAGATCAAGAAAG; Reverse-
GCTGGAGATAGAGTGGAGTTTG

HMGCR Forward-GCCCTCAGTTCAAATTCACAG; Reverse-
TTCCACAAGAGCGTCAAGAG

PCSK9 Forward-TTTTATGACCTCTTCCCTGGC; Reverse-
ATTCGCTCCAGGTTCCATG

SREBP2 Forward-CCCTATTCCATTGACTCTGAGC; Reverse
CACATAAGAGGATTCGAGAGCG

79



Chapter 3: Results Section I

Chapter 3

Membrane type 1 matrix metalloproteinase promotes
ectodomain shedding of low-density lipoprotein
receptor and accelerates the development of

atherosclerosis

All experiments were conducted and analyzed by Adekunle Alabi in Zhang’s lab except
Fig 3.1a,3.1b, 3.1f, 3.2b,3.2¢,3.3e (Faqi Wang and Ayinuer Adijiang- Zhang Lab)
Fig 3.3b and ¢ (Hong-mei1 Gu-Zhang Lab)
Fig 3.11 (Shi-jun Deng and Adekunle Alabi-Zhang Lab)

Fig 3.10 (Data collection by Nana Yang, Yazhuo Xue, Li Chen and Shucun Qin- Institute of
Atherosclerosis in Shandong First Medical University China. Data analysis by Dawei Zhang and
Adekunle Alabi)

Fig 3.11c and 11g (Xiao-dan Xia and Adekunle Alabi-Zhang lab)
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3.1 Introduction

Atherosclerotic cardiovascular disease is one of the main causes of morbidity and mortality in
Western societies. Plasma levels of low-density lipoprotein cholesterol (LDL-C) are positively
correlated with the risk of atherosclerosis (Goldstein & Brown, 2015). LDL receptor (LDLR)
mediates LDL uptake and plays an essential role in removing plasma LDL-C. Upon LDL binding,
LDLR is internalized via clathrin-coated pits and delivered to endosomes, where LDL is released
from the receptor and delivered to the lysosome for degradation, LDLR is then recycled to the cell
surface (Rudenko et al., 2002). Mutations in LDLR cause familial hypercholesterolemia and

increase the risk of atherosclerosis and coronary heart disease (Goldstein & Brown, 2015).

LDLR is transcriptionally regulated by the sterol regulatory element-binding protein 2 (SREBP-
2). Statins inhibit 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR) and consequently
activate the transcriptional activity of SREBP2, leading to increased LDLR expression (Goldstein
& Brown, 2015). Posttranslationally, proprotein convertase subtilisin/kexin 9 (PCSK9) binds to
LDLR and redirects the receptor for lysosomal degradation (Lagace, 2014; Rashid et al., 2005;
Seidah, Awan, Chrétien, & Mbikay, 2014; Zhang et al., 2007), while the inducible degrader of
LDLR (IDOL) reduces LDLR levels via the polyubiquitination and lysosomal degradation
pathway (Zelcer, Hong, Boyadjian, & Tontonoz, 2009). In addition, the ectodomain of LDLR can
be cleaved by proteases with the released extracellular domain detected in cell culture media and
in human plasma as a soluble form (sLDLR) (Begg, Sturrock, & van der Westhuyzen, 2004;
Fischer, Tal, Novick, Barak, & Rubinstein, 1993; Shimohiro, Taniguchi, Koda, Sakai, & Yamada,
2015). Serum levels of SLDLR are positively correlated with plasma LDL-C levels (Mayne et al.,
2018; Shimohiro et al., 2015). It has been shown that the ectodomain cleavage of LDLR is

inhibited by metalloproteinase inhibitors (Begg et al., 2004; Strom, Tveten, Laerdahl, & Leren,
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2014). Knockdown of a disintegrin and metalloproteinase 17 (ADAM]17), a metalloproteinase
responsible for the shedding of many transmembrane proteins, however, has only a marginal effect
on ectodomain cleavage of LDLR in HepG2 cells (Strom et al., 2014). Thus, the

metalloproteinase(s) responsible for the bulk of LDLR shedding is unknown.

Membrane type-I matrix metalloproteinase (MT1-MMP/MMPI14), a Zn>*"-dependent
endopeptidase, belongs to a six-member family of membrane-type MMPs that includes four
transmembrane type MMPs (MT1-, MT2-, MT3-, MT5-MMP), and two glycosyl
phosphatidylinositol-anchored membrane-associated MMPs (MT4-, MT6-MMP) (Itoh, 2015).
MTI1-MMP is widely expressed in various tissues and cell types and plays key roles in both
physiological processes and disease progression through the remodelling of extracellular matrix
and pericellular proteolysis (Feinberg et al., 2018; Holmbeck et al., 1999; Zhou et al., 2000). MT1-
MMP has been reported to cleave transmembrane proteins such as death receptor-6, neuropilin-1,
and LDLR-related protein 1 (LRP-1) in breast cancer cells (Dmitri V Rozanov, Hahn-Dantona,
Strickland, & Strongin, 2004; Tam, Morrison, Wu, Stack, & Overall, 2004). Cleavage of LDLR is
enhanced by 4p-phorbol 12-myristate 13-acetate that can induce the trafficking of MT1-MMP to
the cell surface and enhance its cleavage function (Begg et al., 2004). The exact role of MT1-MMP
in LDLR shedding, however, is unclear. Here, we found that reducing MT1-MMP expression
increased LDLR levels in cultured cells. Furthermore, specific knockout of MT1-MMP in mouse
hepatocytes increased hepatic LDLR levels and reduced plasma levels of lipoprotein cholesterol.
An opposite phenotype was observed when the wild-type MT1-MMP, but not the enzymatically
dead mutant E240A, was overexpressed in cultured cells and mice. Consequently, overexpression
of MTI-MMP significantly increased atherosclerotic lesion area in the aortic sinus, while

knockdown of MT1-MMP reduced cholesterol accumulation in the aortas in apolipoprotein E
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knockout (apoE”") mice. Mechanistically, we found that MT1-MMP directly associated with
LDLR and promoted its ectodomain cleavage. Taken together, these findings demonstrate that
hepatic LDLR ectodomain is shed by MT1-MMP and that MT1-MMP regulates plasma

LDL-C metabolism and the development of atherosclerosis.
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3.2 Results

3.2.1 MT1-MMP regulates LDLR expression

MTI1-MMP activates pro-MMP2 (Butler et al., 1998; Zhou et al., 2000). We have previously
reported that active MMP2 can cleave PCSK9 (Wang et al., 2015). Thus, we initially assumed that
inhibition of MT1-MMP could reduce the amount of active MMP2 and suppress MMP2-induced
cleavage of PCSK9, thereby enhancing PCSK9-promoted LDLR degradation and consequently
decreasing LDLR levels. To test this hypothesis, we knocked down the expression of MT1-MMP
in human hepatoma-derived Huh7 cells. The two MT1-MMP siRNAs that target different regions
in the MTI-MMP mRNA efficiently reduced the levels of MT1-MMP but not MT2-MMP (the
closest family member to MT1-MMP) (Fig. 3.1a). The addition of PCSK9 reduced cellular LDLR
levels in scrambled siRNA-transfected cells, as well as in cells transfected with MT1-MMP siRNA
(Fig. 3.1b). We then co-transfected Huh7 cells with MT1-siRNA and a plasmid containing PCSK9
cDNA and found that overexpression of PCSK9 efficiently stimulated LDLR degradation in cells
transfected with either scrambled or MT1-MMP siRNA (Fig. 3.1¢). Thus, knockdown of MT1-
MMP did not affect PCSK9-promoted LDLR degradation. Surprisingly, we found that LDLR
levels were markedly increased in MT1-MMP knockdown cells in the absence of PCSK9 (Fig.
3.1b, lanes 3 and 5 vs 1). We noticed that knockdown of MT1-MMP appeared not to markedly
affect the levels of LDLR in the presence of exogenous PCSK9 (Fig. 3.1b, lanes 4 and 6 vs 2). It
is of note that the experiment was performed in the presence of excess PCSK9 and under a non-
physiological condition. First, Huh7 cells express endogenous PCSK9. Second, the cells were
incubated in medium containing 5% NCLPPS that is known to increase endogenous PCSK9
expression and enhance PCSK9-promoted LDLR degradation. Third, the cells were supplied with

an additional 2 pg/ml of recombinant human PCSK9. Thus, it was likely that PCSK9-promoted
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LDLR degradation became overwhelming under this condition. To further confirm the impact of
MTI1-MMP on LDLR expression, we knocked down MT1-MMP expression in another human
hepatoma-derived cell line (HepG2) and found that LDLR levels were significantly increased in
MTI1-MMP siRNA-transfected cells, whereas the levels of MT2-MMP, LRP-1 and transferrin
receptor were comparable in cells transfected with scrambled or MT1-MMP siRNA (Fig. 3.1d,
lanes 2 and 3 vs 1). Similar results were observed in mouse hepatocytes, Hepal C1C7 (Fig. 3.1e).
Next, we overexpressed HA-tagged MT1I-MMP in Huh7 cells and observed that MT1-MMP
reduced cellular LDLR levels in a dose-dependent manner (Fig. 3.1f). Overexpression of MT1-
MMP, however, had no significant effect on the levels of endogenous PCSKO9 (Fig. 3.1g, lanes 4-
6 vs. 1-3). LDLR resides on the plasma membrane, where it binds to and mediates LDL
internalization. Thus, cell surface proteins in Huh7 cells were assessed using biotinylation. As
shown in Figure 3.1h, expression of MT1-MMP in both whole cell lysate and the cell surface
fraction was reduced by its siRNA. Conversely, expression of LDLR was increased in the whole-
cell lysate (lane 2 vs 1) and the surface fraction (lane 4 vs 3) in MT1-MMP-knockdown cells.
Calnexin (an ER protein) was undetectable in the surface fraction. Analysis of basal LDL uptake
by these cells demonstrated a role for MT1-MMP in this process, with knockdown of MT1-MMP
showing significantly increased cellular LDL uptake (Fig. 3.1i). Together, these findings

demonstrate that MT1-MMP regulates LDLR expression and LDL uptake in cultured hepatocytes.
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Fig 3. 1. MT1-MMP-mediated LDLR degradation. (a) Knockdown of MTI1-MMP expression.
Huh7 cells were transfected with scrambled (Scram) or one of the two different MT1-MMP
siRNAs (MT1-1, MT1-2). 48 h later, cells were harvested for the preparation of whole cell lysate.
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The same amount of total proteins in whole cell lysate was applied to Western blot. The membrane
was cut into halves along the 100-kDa protein marker. The top was blotted with a mouse anti-
transferrin receptor (TFR) monoclonal antibody and the bottom was blotted with a rabbit anti-
human MTI1-MMP monoclonal antibody (MT1) or a rabbit anti-MT2-MMP (MT2) polyclonal
antibody. (b) Effect of MTI-MMP knockdown on PCSK9-promoted LDLR degradation. Huh7
cells transfected with scrambled or MT1-MMP siRNA for 48 h were incubated with DMEM
containing 5% NCLPPS with or without PCSK9 (2 pg/ml) for 4 h. Same quantities of whole cell
lysate were applied to Western blot. The membranes were cut into halves above the 75-kDa
marker. The top parts were blotted with a monoclonal anti-human LDLR antibody or a mouse anti-
calnexin (Cal) monoclonal antibody. The bottom part was blotted with a mouse anti-PCSK9
monoclonal antibody. (¢) Effect of MTI-MMP on PCSK9-promoted LDLR degradation. Huh7
cells were transfected with scrambled (Scram) or MT1-MMP (MT1) siRNA together with either
empty plasmid pCDNA3.1 (Emp) or pCDNA3.1 containing PCSK9 cDNA (PCSK9). 48 h later,
cells were collected for the isolation of whole cell lysate. The same amount of total proteins in
whole cell lysate was subjected to Western blot. The membranes were cut into halves along the
100-kDa protein standard. The top parts were blotted with a rabbit anti-LDLR polyclonal antibody
(3143) and a mouse anti-Transferrin receptor (TFR) monoclonal antibody. The bottom parts were
blotted with a mouse anti-PCSK9 monoclonal antibody (15A6) and a rabbit anti-MT1-MMP
monoclonal antibody (abcam). (d) Effect of MTI-MMP knockdown in HepG?2 cells. The cells
were transfected with scrambled (Scram) or MT1-MMP siRNAs (MT1-1, MT1-2) for 48 h. The
same amount of whole cell lysate was applied to immunoblotting as described above. The
membranes were cut into halves along the 75-kDa marker. The top parts were blotted with a mouse
anti-human LDLR monoclonal antibody, a mouse anti-transferrin receptor (TFR) monoclonal
antibody, or a rabbit anti-LRP1 polyclonal antibody. The bottom part was blotted with a rabbit
anti-MT1-MMP monoclonal or a rabbit anti-MT2-MMP polyclonal antibody. The images showed
representative protein levels. The relative densitometry was the ratio of the densitometry of LDLR
to that of TFR in the same condition. The percentage of relative densitometry was the ratio of the
relative densitometry of LDLR at different treatments to that of LDLR at the control condition,
which was defined as 100%. (e) Effect of MTI-MMP knockdown on LDLR levels. Hepalclc7
cells were transfected with scrambled (Scram) or MT1-MMP siRNA, followed by immunoblotting
with antibodies indicated. (f) Effect of MTI-MMP overexpression on LDLR. Huh7 cells were
transfected with empty plasmid (Con) or different amounts of plasmid carrying MT1-MMP cDNA
for 48 h. The same amount of whole cell lysate was subjected to immunoblotting as described
above. The top parts were blotted with a mouse anti-human LDLR or transferrin receptor (TFR)
monoclonal antibody. The bottom part was blotted with a rabbit anti-HA polyclonal antibody to
detect HA-tagged MT1-MMP. (g) Effect of MT1-MMP on PCSK9 expression. Huh7 cells were
transfected with either empty plasmid pCDNA3.1 (Control) or pCDNA3.1 containing MT1-MMP
cDNA (MT1-MMP). 48 h later, cells were collected for the isolation of whole cell lysate. The
same amount of total proteins in whole cell lysate was subjected to Western blot. The membranes
were cut into halves along the 100-kDa protein standard. The top parts were blotted with a mouse
anti-Transferrin receptor (TFR) monoclonal antibody. The bottom parts were blotted with a mouse
anti-PCSK9 monoclonal antibody (15A6) and a rabbit anti-HA antibody. (h) Biotinylation of cell
surface proteins. Huh7 cells transfected with scrambled (Scram) or MT1-MMP siRNA (MT1-1)
were biotinylated. The same amount of total proteins in whole cell lysate was applied to
NeutrAvidin beads to pull down cell surface proteins, followed by immunoblotting. The
membranes were cut into halves along the 75-kDa marker. The top halves were blotted with a
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mouse anti-human LDLR or calnexin (Cal) monoclonal antibody. The bottom parts were blotted
with a rabbit anti-MT1-MMP monoclonal antibody (Abcam). (i) LDL uptake. Huh7 cells
transfected with scrambled or MT1-MMP siRNA (MT1-1) for 48 h were labeled with Dil-LDL in
the absence and presence of unlabeled LDL. Fluorescence intensity (RFU) was measured. Specific
binding was calculated by subtraction of binding in the presence of cold LDL from total binding
without cold LDL and normalized to protein concentrations in the same well.
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3.2.2 MT1-MMP promotes ectodomain cleavage of LDLR

We then examined what mechanisms mediated the effect of MT1-MMP on LDLR expression.
Ilomastat (GM6001), a collagen-based peptidomimetic hydroxamate that can inhibit MT1-MMP
activity (Nam, Rodriguez, Remacle, Strongin, & Ge, 2016), did not alter the expression of MT1-
MMP but increased endogenous LDLR levels in Huh 7 cells (Fig. 3.2a). Leupeptin (an inhibitor
of serine and cysteine proteases) and pepstatin (an inhibitor of aspartyl proteases), however, had
no effect on LDLR levels (Fig. 3.2b). These findings were consistent with previous reports that
LDLR cleavage depends on MMPs (Begg et al., 2004). Moreover, MT1-MMP could efficiently
promote LDLR degradation in the absence and presence of MG132, a proteasome inhibitor, or
chloroquine, a lysosome inhibitor (Fig. 3.2¢), indicating a negligible role of the two pathways in
MTI1-MMP’s action on the receptor. qRT-PCR data showed that both MT1-MMP siRNAs
efficiently reduced mRNA levels of MTI-MMP but not that of MT2-MMP, LDLR, SREBP-2,
PCSK9, or IDOL (Fig. 3.2d), indicating that MT1-MMP had no dramatic effect on transcription
of LDLR. We then generated a catalytically inert mutant MT1-MMP by replacing Glu at position
240 (E240) with Ala (MT1-E240A) since E240 is critical for MT1-MMP proteolytic activity
(Dmitry V. Rozanov et al., 2001). As shown in Figure 3.2e, overexpression of the wild-type MT1-
MMP but not MT1-E240A markedly reduced LDLR levels in HepG2, Huh7, Hepal C1C7 and rat
hepatoma-derived McArdle cells, indicating the requirement of the proteolytic activity of MT1-
MMP for its effect on LDLR expression. We then collected culture medium from Huh7 cells
transfected with scrambled or MT1-MMP siRNA to measure cleaved ectodomain of LDLR. As
shown in Figure 3.2f, knockdown of MT1-MMP significantly reduced the intensity of an LDLR
band with a molecular weight of approximately 100-120 kDa in the culture medium.

Concomitantly, LDLR abundance in whole cell lysate was increased in MT1-MMP knockdown
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cells (Fig. 3.2f, lane 2 vs 1). On the other hand, co-expression of N-terminal Myc-tagged LDLR
and HA-tagged MT1-MMP in HEK293 cells significantly reduced LDLR levels in whole-cell
lysate but increased cleaved ectodomain of LDLR in culture medium that was detected by an anti-
Myec antibody (Fig. 3.2g, lane 2 vs 1). The size of the cleaved extracellular domain of LDLR was
consistent with the size of the soluble ectodomain of LDLR reported in previous studies (Begg et
al., 2004; Guo et al., 2002). We also measured sLDLR levels in culture medium using ELISA and
found that knockdown of MT1-MMP significantly reduced (Fig. 3.2h), while co-expression of
MT1-MMP and LDLR significantly increased the levels of SLDLR in culture medium (Fig. 3.2i).

Thus, MT1-MMP can proteolytically cleave LDLR.
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Fig 3. 2. MT1-MMP-mediated LDLR cleavage. (a) Effect of GM6001 on LDLR expression.
Huh7 cells were incubated with GM6001 at concentrations indicated for 16 h. The same amount
of whole cell lysate was applied to immunoblotting with a mouse anti-human LDLR monoclonal
antibody, a mouse anti-transferrin receptor (TFR) monoclonal antibody, and a rabbit anti-MT1-
MMP monoclonal antibody. (b) Effect of broad-spectrum protease inhibitors on LDLR levels.
Immunoblotting of the same amount of whole cell lysate isolated from Huh7 cells treated with
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Leupeptin (50 ug/ml) or Pepstatin (1 pg/ml) for 5 h. (¢) Inhibitors treatment. Huh7 cells were
transfected with empty pCDNA3.1 or HA-tagged MT1-MMP-pCDNA3.1. 48 h later, the cells
were incubated with MG132 (10 uM, MG) or chloroquine (10 uM, Chloro) for 6 h. After, cells
were harvested for the preparation of whole cell lysate. The same amount of total proteins in whole
cell lysate was then subjected to immunoblotting. The top parts of the membranes were blotted
with a mouse anti-LDLR monoclonal antibody. The bottom parts were blotted with a rabbit anti-
HA polyclonal antibody and a mouse anti-actin monoclonal antibody. (d) Effect of MTI1-MMP
knockdown on gene expression. The same amount of total RNAs extracted from Huh7 cells
transfected with scrambled or MT1-MMP siRNAs was used for cDNA synthesis and then qRT-
PCR. The relative mRNA levels were the ratio of the mRNA levels of the target genes to that of
GAPDH in the same condition. The fold-change of the relative mRNA levels of target gene
expression in MT1-MMP siRNA treated groups was determined in comparison with that in the
control group that was defined as 1. (e) Effect of MTI-MMP overexpression in different cell
types. Cells as indicated were set up in a six-well plate and infected with either empty (Emp), the
wild-type (WT), or mutant E240A (E240A) MT1-MMP adenoviruses. 48 h later, cells were
collected for the preparation of whole cell lysate. The same amount of total proteins in whole cell
lysate was subjected to immunoblotting. Antibodies used were a mouse anti-LDLR monoclonal
antibody, a rabbit anti-HA tag polyclonal antibody, and a mouse anti-actin monoclonal antibody.
(f) LDLR cleavage. Huh7 cells set up in a 6-well plate were transfected with scrambled (Scram)
or MT1-MMP siRNA (MT1-1). 36 h later, cells were cultured in DMEM only medium for 16 h.
Cells and culture medium were then collected separately. Culture media were concentrated using
TCA precipitation. The same quantities of whole cell lysate (bottom) and concentrated media
(top) were subjected to immunoblotting with a monoclonal anti-LDLR antibody, a rabbit anti-
MTI1-MMP (MT1) monoclonal antibody, a goat anti-albumin (Alb) polyclonal antibody or a
mouse anti-transferrin receptor (TFR) monoclonal antibody. (g) Ectodomain cleavage. HEK293
cells were transfected with plasmid containing N-terminal Myc-tagged LDLR plus empty vector
(1:1), or the same total amount of plasmid containing HA-tagged MT1-MMP plus plasmid
containing Myc-tagged LDLR (1:1). After 36 h, culture medium was changed to DMEM
containing 0.5% FBS overnight. Whole-cell lysate (bottom) and culture medium (top) were
prepared as described above and subjected to immunoblotting with a rabbit anti-Myc polyclonal
antibody to detect Myc-tagged LDLR, a goat anti-albumin (Alb) polyclonal antibody, a rabbit anti-
HA polyclonal antibody to detect HA-tagged MT1-MMP and a mouse anti-actin monoclonal
antibody. The bottom figures in panels f and g showed representative protein levels. The
densitometry was determined using a Li-Cor Odyssey Infrared Imaging System. The relative
densitometry was the ratio of the densitometry of sSLDLR to that of albumin in culture medium in
the same sample. (h and i) Soluble LDLR. Culture medium was collected from Huh7 cells that
were transfected with scrambled (Scram) or MT1-MMP siRNA (MT1-1) for 48 h (h) or from
HEK?293 cells that were transfected with LDLR +empty vector or LDLR+MTI1-MMP for 48 h (i).
The levels of SLDLR in culture medium were then measured using a commercial ELISA kit (R&D
system).
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Our next experiments were to investigate the interaction between MT1-MMP and LDLR. As
shown in Figure 3.3a, LDLR was immunoprecipitated from whole cell lysate isolated from HepG2
cells by its specific monoclonal antibody, but not a monoclonal anti-Myc antibody. MT1-MMP
was present only in the LDLR-immunoprecipitated sample (lane 1). Transferrin receptor was not
detectable in the immunoprecipitated pellets. A reciprocal immunoprecipitation using an anti-
MTI1-MMP antibody to pull down MT1-MMP revealed that LDLR co-immunoprecipitated with
MT1-MMP but not the anti-Myc antibody (Fig. 3.3b, lane 1 vs 2). Similarly, immunoprecipitation
of MT1-MMP from whole cell lysate of Huh7 cells pulled down LDLR (Fig. 3.3¢, lane 2 vs 1)
and vice versa (Fig. 3.3d, lane 1 vs 2). To further confirm these findings, we performed confocal
microscopy and found that a majority of endogenous MT1-MMP (green) and LDLR (red) could
be detected on the cell periphery and co-localized in Huh7 cells (Fig. 3.3e, yellow in Merged

panel).

Next, we determined the effects of MT1-MMP on LDLR expression in human primary hepatocytes
that are more representative of the functions of human liver than immortalized human hepatoma-
derived cell lines, such as HepG2 and Huh7. As shown in Figure 3.3f, MT1-MMP siRNA reduced
mRNA levels of MT1-MMP but not that of LDLR. Conversely, LDLR protein levels were
markedly increased in MT1-MMP knockdown cells (Fig. 3.3g) but reduced in MT1-MMP-
overexpressing cells (Fig. 3.3h). Consistently, SLDLR in the culture medium was reduced when
the expression of MT1-MMP was silenced (Fig. 3.3i) but increased when MT1-MMP was
overexpressed (Fig. 3.3j). Collectively, these findings demonstrate that MT1-MMP promotes

ectodomain cleavage of LDLR.
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Fig 3. 3. Effects of MT1-MMP on LDLR. (a and b) Immunoprecipitation of LDLR (a) and
MTI-MMP (b). Whole-cell lysate was isolated from HepG2 cells cultured in DMEM containing
5% NCLPPS for 16 h. The same amount of total proteins in whole cell lysate was subjected to
immunoprecipitation using protein G beads and a mouse anti-LDLR (LDLR) or anti-Myc (Myc)
antibody (a), or protein G beads and a mouse anti-MT1-MMP monoclonal antibody (Millipore), a
mouse anti-Myc (Myc) antibody or rabbit IgG (RIgG). The immunoprecipitated proteins (IP-
Beads) and whole cell lysate (Input) were subjected to Western blot. The membranes were cut
into halves along the 100kDa protein standard. The top half was blotted with a rabbit anti-LDLR
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polyclonal antibody (3143) and a monoclonal anti-TFR antibody. The bottom half was blotted
with a rabbit anti-MT1-MMP monoclonal antibody (abcam). (¢ and d) Immunoprecipitation of
MTI-MMP (c) and LDLR (d). The experiments were performed as described in panels 3a and b
except that whole cell lysate was isolated from Huh7 cells. (e) Confocal microscopy. Huh7 cells
were seeded on coverslips and cultured in DMEM containing 5% NCLPPS for 16 h. After fixing
and permeabilization, the cells were incubated with a mouse anti-LDLR monoclonal and a rabbit
anti-MT1-MMP monoclonal antibody. Antibody binding was detected using Alexa Fluor 488 goat
anti-rabbit IgG (green) and Alexa Fluor 568 goat anti-mouse IgG (red). Nuclei were visualized
with DAPI and shown as blue. An x-y optical section of the cells illustrates the cellular distribution
of proteins (magnification: 100X). (f and g) Knockdown of MTI-MMP in human primary
hepatocytes. Primary human hepatocytes cultured in a 12-well plate were transfected with
scrambled (Scram) or MT1-MMP siRNA (MT1). 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 of the target genes to that of GAPDH at the same condition (f). The same amount of total
proteins in whole cell lysate derived from siRNA-transfected primary cells was subjected to
immunoblotting. Antibodies used were a mouse anti-LDLR monoclonal antibody and a mouse
anti-calnexin (Cal) monoclonal antibody. Relative densitometry was the ratio of the densitometry
of LDLR to that of calnexin at the same condition (g). (h) Overexpression of MTI-MMP. Primary
human hepatocytes cultured in a 12-well plate were infected with empty or the wild-type MT1-
MMP (MT1)-adenovirus (2.5 x 10° particles/well). 48 h later, whole-cell lysate was prepared. The
same amount of total proteins in whole cell lysate was applied to immunoblotting. Antibodies used
were a mouse anti-LDLR monoclonal antibody, a mouse anti-calnexin (Cal) monoclonal antibody,
and a rabbit anti-HA tag polyclonal antibody. The relative densitometry was determined as
described above. (i and j) SLDLR in culture medium. Primary human hepatocytes were treated
with siRNA (7) or adenovirus (j) as indicated in panels 3g and h, respectively. 36 h after, the cells
were incubated in serum-free DMEM medium overnight. The same amount of medium was used
to measure sSLDLR with a commercial ELISA kit (R&D system).
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3.2.3 MT1-MMP promotes LDLR cleavage in vivo

We further sought to understand the regulatory role of MT1-MMP in LDLR expression in vivo.
Considering that MT1-MMP null mice die at 3—4 weeks (Holmbeck et al., 1999; Zhou et al., 2000)
and that the catabolism of plasma LDL-C is mainly mediated via hepatic LDLR, we generated
MT1-MMP liver-specific knockout mice (MT1%°) through crossing MT1™-°X mice with Alb-Cre
mice that express Cre recombinase under the control of a hepatocyte-specific albumin promoter
(Fig. 3.4a). The MTI™°X mice, in which exons 2 and 4 of the MTI-MMP gene (containing
prodomain and catalytic domain) are flanked by LoxP sites, have been successfully used to
generate knockout of MTI-MMP in monocytes/macrophages and epidermis (Klose, Zigrino, &
Mauch, 2013; Zigrino et al., 2012). The expression of MT1-MMP in primary hepatocytes isolated
from mouse livers was markedly reduced in MTI**° mice (Fig. 3.4b). Genotyping results also
revealed that the MTI-MMP gene was essentially undetectable in the liver of MTI"° but not
MTI9X mice (Fig. 3.4¢) or other tissues isolated from MTI'%° mice (Fig. 3.4d). mRNA levels
of MT1-MMP were also drastically reduced in the liver of MTIX0 mice (Fig. 3.4e). MT1*X° mice
were active, fertile and indistinguishable from floxed littermates (Fig. 3.4f). Bodyweight and

plasma ALT activities were also comparable in MTI*X° and MT1"-°X mice (Figs. 3.4g and h).
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Fig 3. 4. Metabolic effects of MTI"X° mice. (a) A schematic of MT1-MMP"%© mice generation.
A vector containing the loxP sites that flanked exons 2 to 4 of the MT1-MMP gene was used to
generate MTI-MMP™RTLOX  MT1-MMPFRTFLOX heterozygotes were crossed to generate
homozygotes. The resulting homozygotes were then mated to the Flp-deleter strain (the Jackson
Laboratory) to obtain MTI™-9% mice without the FRT-flanked selection marker. MTIF°X mice
were then mated with Alb-Cre mice (the Jackson laboratory) to delete functional MT1-MMP in
hepatocytes to generate MT1*%° mice. FRT= flippase recognition target. loxP=locus of X-ing of
bacteriophage P. (b) MTI-MMP deletion in primary mouse hepatocytes. Primary mouse
hepatocytes were isolated from MT1F°X and MT1"%° mice and cultured for 48 h. Cells were then
collected to make whole cell lysate. The same amount of total proteins in whole cell lysate was
subjected to immunoblotting. Antibodies used were a rabbit anti-MT1-MMP monoclonal antibody
(MT1, abcam) and a mouse anti-actin monoclonal antibody. (¢ and d) Genotyping. DNA was
extracted from the liver of MT1F°X and MT1"%° mice (c) or different tissues of MT1"%° mice (d)
for genotyping using PCR to detect the LoxP-flanked exons 2—4 of the MT1-MMP gene with the
AccuStart™ II Mouse Genotyping Kit (Quanta Biosciences). One of the two primers was located
within of the LoxP sites. A PCR product was only amplified in MT"-°% but not in MTI"%° mice
after recombination leading to the deletion of the flanked exons. (e) Relative expression of MTI-
MMP. Total RNAs was extracted from various tissues of MT17-°X and MT1"%° mice with TRIzol,
followed with QRT-PCR measurement of mRNA levels of MTI-MMP in different tissues (Heart,
Liver, Kidney and White adipose tissue) (f) Pictures showing phenotypical similarity in MT1710X
and MTI"%0 mice (8- week old). (g) Bodyweight of MTITOX and MTI1"%0 mice (age of 8 weeks,
n=3 males and 3 females). (h) Plasma ALT activity measured by a commercial kit. Plasma from
each MTI™OX or MTI"™™O mouse was subjected to the measurement according to the
manufacturer’s instruction. Each sample was assayed in triplicate.
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The expression of MT3, MT4, MT5 and MT6-mmp was undetectable by qRT-PCR in the liver of
both MTI™O and MTI°X mice. We also did not observe a significant difference in mRNA levels
of liver MT2-mmp and Adam17 (Fig. 3.5a), indicating that the loss of hepatic MT1-MMP was not

LKO mice, however, did not display a significant

compensated by these metalloproteinases. M7/
collagen difference in Mason’s trichrome staining of liver sections (Fig. 3.5b) and plasma active
MMP2 (Fig. 3.5¢). Thus, knockout of MT1-MMP in hepatocytes did not cause obvious liver

damage.

Consistent with our findings in cultured cells, the protein levels of LDLR but not LRP1 in liver
homogenate were significantly increased (Fig. 3.5d), while the levels of plasma sLDLR were
significantly reduced in MTI¥° mice (Fig. 3.5¢). On the other hand, the levels of PCSK9 in the
liver homogenate and plasma were comparable in MT/"%° mice and MTI"'* mice (Figs. 3.5f and
g). It was previously reported that active MMP2 inhibited PCSK9-promoted LDLR degradation in
hepalclc7 cells (Wang et al., 2015). However, the levels of plasma pro- and active forms of
MMP2 were not significantly altered in MT1*%° mice (Fig. 3.5¢), implying that MMP2 did not

play an important role in the action of MT1-MMP on LDLR in mice.
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Fig 3. 5. Phenotype associated with MT1-MMP loss in MTIVXC mice 1. (@) Relative expression
of target genes. The relative mRNA levels were the ratio of the mRNA levels of the target genes
(MTI-MMP, MT2-MMP, and Adaml7) from the liver to that of Gapdh. (b) Representative
Masson’s Trichrome staining of liver sections and its quantification (n=6). Mice (age of 8-10
weeks) were fed a regular chow diet. (¢) Effect of hepatic knockout of MTI-MMP on MMP2
activation. Active and pro-MMP2 of plasma samples of mice were detected by the gelatin
zymography experiment using 5 pl of plasma from each mouse. The gel was stained with
Coomassie Blue R250. The densitometry of active (Act) and pro-MMP2 (Pro) was determined
using a Licor Odyssey Infrared Imaging System. The relative densitometry was the ratio of the
densitometry of the active form of MMP?2 to that of the pro-MMP2 at the same condition. (d) Liver
LDLR levels. The same amount of liver homogenate from each mouse (80 pg/well) was subjected
to immunoblotting. Antibodies used were a rabbit anti-LDLR polyclonal antibody (3143), a rabbit
anti-LRP1 polyclonal antibody, and a mouse anti-actin monoclonal antibody. Relative
densitometry was the ratio of the densitometry of LDLR of different mice to that of actin of the
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same mouse. (e) Plasma sLDLR. The same amount of plasma from each mouse was subjected to
ELISA determination of sSLDLR levels using a commercial ELISA kit (R&D system) according to
the manufacturer’s instruction. Plasma sample from Ldlr”* mice was used as a negative control.
Specific levels were calculated by subtraction of counts of plasma samples of Ldlr”" mice from
that of MTI'8O and MTI™°X mice. (f) Expression of liver PCSK9. The same amount of total
proteins in liver homogenate isolated from MTI™* or MTI"8© mice was subjected to Western
Blot. Antibodies used were a rabbit anti-mouse PCSK9 antibody (abcam) and a mouse anti-actin
monoclonal antibody. The relative densitometry was the ratio of the densitometry of PCSK9 to
that of actin in the same mouse. (g) Plasma levels of PCSK9. PCSK9 in the same amount of plasma
from each mouse was measured using the mouse PCSK9 DuoSet® ELISA kit accordingly to the
manufacturer’s instruction (R&D System).

Furthermore, mRNA levels of Ldlr, Srebf2, Hmgcr and Pcsk9 in mouse liver were also not affected
by hepatic deficiency of MT1-MMP (Fig. 3.6a). On the other hand, MTI"%° mice displayed a mild
but significant reduction in plasma levels of total cholesterol (Fig. 3.6b). FPLC data showed that
cholesterol levels in both LDL and HDL fractions were mildly reduced (Fig. 3.6¢). Conversely,
plasma TG levels were comparable in MTI"%° and MTI'°* mice (Fig. 3.6d). Similarly, the lack
of MT1-MMP in hepatocytes did not significantly affect the levels of liver TG or total cholesterol
(Figs. 3.6e and f). To confirm the specific contribution of MT1-MMP on LDLR and plasma
cholesterol levels, we introduced human MT1-MMP into hepatocytes of MTI1"8° via AAV under
the control of a hepatocyte-specific TBG promoter. HA-tagged MT1-MMP was detected in the
liver homogenate by a polyclonal anti-HA antibody (Fig. 3.6g). Reintroduction of MT1-MMP
essentially eliminated the increase in liver LDLR (Fig. 3.6g) and the reduction in plasma levels of
sLDLR (Fig. 3.6h) and total cholesterol (Fig. 3.6i) in MTI"¥° mice. These findings indicate the

important role of MT1-MMP in the regulation of liver LDLR levels.

100



Chapter 3: Results Section I

a b c
50
5 b= HOL
~ Flox » =5 80 " 5 Flox ——
B S-S % &- 240 KO ----
- EI[¥F] ¥ &
% e Iy - F]
23 5 60 8 304
: - L .
[=] -
g2 ] ; 5 & 20-
. ; 5 + B 30 -
v . =] e VLDLS
& - E g 104 Chylomicron IDLLDL
T ] k remnants
Ldir  Srebf2  Hmger Posks - s o
[akd
20 30 40 50
Tirme (Min)
d a- € 100 - f 40~
u - -
= Ll = 7159 301 T
T2 Yalee E £
2] =28 4 s 3 - Y
e 1L =542 —+ > 204 :
o e . = J_
£ 14 L] | | = - o
o 2 25+ 2= 10+ L
o - -
G T L U L] L] G L] L
Flox LKD Flox LKO Flax LKOD
g h :
Sample| FloxtAANV-GFP | LKO+AAV-MT1 127 120 7
- L
Mouse | 1 I 2 l ala]s]e " g g
- E ]
180 E g E L IlL i
kDa _—_—“- LDLR £ =3 . .
a» W
o =
Loy o (HAMT a . &
- ® 4 . I g 40
48 . - i —— Actin E
o
a
& I:l L T
Mice Flox LKO Mice Flox LKO
ARV GFP - MT1-MMP AAV GFP  MT1-MMP

Fig 3. 6. Phenotype associated with MT1-MMP loss in MT1X0 mice I1. (a) Relative mRNA
levels of target genes. The relative mRNA levels were the ratio of the mRNA levels of the target
genes (Ldlr, Srebf2, Hmgrc and Pcsk9) from the liver to that of Gapdh. (b) Plasma levels of total
cholesterol. Plasma from each mouse were applied to the measurement using a commercial kit.
(c¢) Lipid profile. The same amount of plasma from each mouse in the same group was pooled and
applied to a FPLC analysis of plasma cholesterol. (d) Plasma TG. 5 ul of plasma from each mouse
was used to determine plasma TG levels using a commercial kit (Roche Diagnostics) in accordance
with the manufacturer’s instruction. (e and f) Levels of triglycerides (TG, e) and total cholesterol
(TG, f) in the liver. Briefly, lipids were extracted from 4 mg of liver homogenate using the Folch
method and then subjected to the determination of TG and TC levels using their specific
commercial kits. (g to i). Effects of expression of human MT1-MMP. MT/*0X and MT"KO
mice were injected with AAVs encoding GFP or human MT1-MMP, respectively. 30 days after
injection, liver homogenate was prepared and applied to immunoblot with a rabbit anti-LDLR
polyclonal antibody, a rabbit anti-HA polyclonal antibody, and a mouse anti-actin monoclonal
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antibody (g). Plasma samples were used to measure sLDLR levels (/), and total cholesterol levels
(7) using their specific kits as described above. The values of all data unless otherwise indicated
were mean = S.D. of at least 6 mice in each group. *, p<0.05. **, p<0.01.

We then overexpressed human MT1-MMP in the wild-type C57BL/6J mice using adenovirus
under the control of a CMV promoter. As shown in Figure 3.7a, overexpression of MT1-MMP
significantly reduced LDLR levels in the liver. Consistently, plasma levels of HDL (Fig. 3.7b) and
non-HDL cholesterol (Fig. 3.7¢) were significantly increased. Mice on a chow diet normally have
very low levels of plasma non-HDL-C. To further confirm our findings, we fed MTI'%° and
MTI9X mice with the Western-Type diet for 8 weeks. The protein levels of LDLR but not LRP1
in liver homogenate were significantly increased in MT1"%° mice (Fig. 3.7d). Masson’s Trichrome
and Oil Red-O staining of liver sections, however, displayed no significant difference between
MTI™° and MTIFY°X mice (Figs. 3.7e and f). MTI"80 mice also did not display a significant
difference in the levels of liver TG (p=0.1) and total cholesterol (p=0.073) compared to MT1F1OX
mice (Figs. 3.7g and h). The mRNA levels of Ldlr, as well as other SREBP?2 target genes (Hmgcr

and Pcsk9), were also not altered by hepatic deficiency of MT1-MMP (Fig. 3.7i).
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Fig 3.7. MT1-MMP overexpression in C57BL/6J mice and effect of western-type diet feeding
in MTIVXO mice. (a) Overexpression of human MTI-MMP. Male C57BL/6] mice were injected
with empty or the wild-type MT1-MMP adenoviruses (1.0 x 10'' viral particles/mouse) and
euthanized 72 h later. The same amount of liver homogenate was subject to immunoblotting,
followed by quantification of LDLR levels relative to actin in the same mouse. (b and c¢) Plasma
cholesterol levels. Plasma was subjected to the measurement of HDL (b) and non-HDL cholesterol
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(c) using a commercial kit as described above. (d) Effect of the Western-type diet. Mice were fed
the Western-type diet for 8 weeks. The same amount of whole liver homogenate was subjected to
immunoblotting. Relative densitometry of LDLR was determined as described. Actin was used as
a loading control. (e and f) Liver section staining. Representative figures of Masson’s Trichrome
(e) and oil Red-O staining (f) analysis in cross-sections of the liver and quantification data (n=6)
(magnification: 400X). (g and h) Levels of total triglycerides (TG, g) and total cholesterol (TC,
h) in the liver. Briefly, lipids were extracted from 4 mg of liver homogenate using the Folch
method and then subjected to the determination of TG and TC levels using their specific
commercial kits. (i) Relative mRNA levels determined by gRT-PCR. The relative mRNA levels
were the ratio of the mRNA levels of the target genes to that of Gapdh in the same condition.

In addition, MTI"¥O mice showed similar body weight gain (Fig. 3.8a), H&E staining of liver
sections (Fig. 3.8b), plasma ALT activities (Fig. 3.8¢) and plasma levels of active MMP2 (Figs.
3.8d and e) as MTI"°X mice. Conversely, hepatic knockout of MT1-MMP significantly and
markedly reduced plasma levels of non-HDL and HDL cholesterol (Figs. 3.8f and g). FPLC results
revealed that cholesterol levels in all fractions including VLDL/chylomicron remnants, LDL and
HDL were significantly reduced in MTI%° mice (Fig. 3.8h). Thus, MT1-MMP regulates hepatic

LDLR and plasma cholesterol levels in mice.
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Fig 3. 8. Phenotypes associated with 8-weeks western-type diet feeding in MT1X° mice. (a)
Bodyweight of MTIL0X and MTI1"%° mice. 5 male mice per group. (b) Liver section staining.
Representative figures of H&E staining of cross-sections of liver tissues. (¢) Plasma ALT activity.
Each sample was assayed in triplicate. (d and e) Gelatin zymography analysis of plasma MMP2.
(f) and (g) Plasma levels of cholesterol. Plasma was isolated from mice. Cholesterol content in
non-HDL (f) and HDL (g) was measured using a commercial kit in accordance with the
manufacturer’s instructions. () Lipid profile. The same amount of plasma from each mouse in
the same group (same amount of mice) was pooled and applied to FPLC analysis of plasma
cholesterol. The values of all data unless otherwise indicated were mean + S.D. of at least 6 mice
in each group. *, p<0.05. **, p<0.01. *** p<0.001.
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3.2.4 sLDLR and plasma lipoproteins

The molecular mass of the main form of SLDLR detected in our study was around 100 kDa that
should consist of the entire ligand-binding domain of the receptor, indicating that SLDLR might
retain the ability to bind LDLR ligands. Thus, we hypothesized that plasma sLDLR could bind to
circulating apoB and apoE-containing lipoproteins. To test this possibility, we utilized gel filtration
to determine the distribution of SLDLR in fasting mouse plasma. As shown in Figure 3.9a, sLDLR
was eluted at fractions 8 to 17 with a wide peak at fractions 11 to 13 that were the fractions of LDL
even though LDL only accounted for a very small portion of plasma cholesterol (Fig. 3.9b). There
was a shoulder at fraction 15 that was partially overlapped with HDL. An additional small peak of
sLDLR was present in the VLDL fractions 8 to 10. These could be caused by the binding of sSLDLR
to apoE in VLDL and HDL particles. We also immunoprecipitated SLDLR from mouse plasma.
The antibody efficiently pulled down sLDLR from plasma of the wild-type mice but not the Ld/r
" mice (Fig. 3.9¢c, lane 2 vs 1), indicating the specificity of the antibody. Both apoB100 and
apoB48, as well as apoE, were co-immunoprecipitated with sSLDLR only from the wild-type mouse
plasma (Fig. 3.9¢, lane 2) even though the levels of apoB and apoE were much higher in Ldlr"-
mouse plasma (Fig. 3.9d, lane 1). Next, we analyzed human plasma using gel filtration
chromatography. As shown in Figure 3.9e, the majority of sSLDLR were eluted at the fractions of
the VLDL/chylomicron remnants and LDL even though VLDL/chylomicron remnants only
accounted for a minor portion of plasma cholesterol (Fig. 3.9f). In addition, we noticed that, unlike

mouse sLDLR, only a small peak of human sLDLR was eluted at the HDL fractions (Figs. 3.9¢

and f). We then measured sSLDLR levels in purified human lipoproteins. As shown in Figure 3.9g,
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VLDL exhibited the highest levels of SLDLR per ug proteins, followed by LDL and HDL. The
levels of sSLDLR in VLDL were approximately 35-fold more than that in LDL. The discrepancy
between purified lipoproteins and plasma samples could be simply due to the relatively lower
levels of VLDL present in human plasma. Taken together, these findings suggest that SLDLR

associates with apoB and apoE-containing lipoproteins in plasma.
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Fig 3. 9. Analysis of plasma sLDLR. (a and b) profiles of plasma sLDLR (a) and lipoprotein
cholesterol (b). Fasting mouse plasma was applied to a size exclusion-FPLC column. The eluate
was collected in 1 ml per fraction. SLDLR and total cholesterol in each fraction were measured
using their specific commercial kits from R&D system and Wako Life Sciences, respectively. The
levels of cholesterol and sLDLR in fractions 1 to 5 were negligible and were not shown in the
figures. (¢c) Immunoprecipitation of sSLDLR. 500 ul of pooled plasma isolated from Ldlr" or the
wild-type mice was applied to 7 pl of a rat anti-mouse LDLR antibody (R&D System) and 50 pl
of protein-G beads (50 % slurry) and rotated overnight. The bound proteins were eluted and
subjected to immunoblotting with a rabbit anti-LDLR polyclonal antibody, 772B, a goat anti-apoB
polyclonal antibody, and a rabbit anti-apoE polyclonal antibody. (d) Immunoblotting of mouse
plasma. 3 pl of pooled plasma isolated from Ldlr”’" or the wild-type mice that were used in the
immunoprecipitation experiment was applied to immunoblotting with a goat anti-apoB polyclonal
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antibody and a rabbit anti-apoE polyclonal antibody. (e and f) profiles of human plasma sLDLR
(e) and lipoprotein cholesterol (f). The experiment was performed as described in panels 6a and
b except that 500 pl of fasting human plasma was used. (g) The amount of sSLDLR in lipoproteins.
sLDLR in purified human plasma VLDL, LDL and HDL were measured using the commercial
ELISA kit and normalized to protein concentrations.

Next, we recruited 148 adult Chinese and measured their plasma levels of total cholesterol, LDL
cholesterol, and sLDLR. There were 87 men (average age=52.6), 46 women (average age=53.7),
and 15 individuals whose gender and age were undisclosed. The levels of SLDLR were comparable
among the men, women, and undisclosed group (Fig. 3.10a). There was no significant correlation
between plasma levels of SLDLR and ages (Fig. 3.10b, r=0.047, p=0.5925). On the other hand,
the correlation between sLDLR and plasma total cholesterol levels was statistically significant
(Fig. 3.10¢c, r=0.41, p=0.00000028). Plasma LDL-C levels were also significantly correlated to
sLDLR levels (Fig. 3.10d, r=0.198, p=0.0199), but to a lesser extent than plasma total cholesterol
levels. We also divided participants into three groups based on their plasma levels of total
cholesterol or LDL cholesterol, group 1) the normal/desirable cholesterol levels (total cholesterol
<5.2 mM and LDL cholesterol < 3.4 mM, N=87), group 2) the medium/borderline high plasma
cholesterol levels (5.2 mM < total cholesterol < 6.1 mM or 3.4 mM < LDL cholesterol <4.1 mM,
N=40), and group 3) the high plasma cholesterol levels (total cholesterol >6.1 mM or LDL
cholesterol >4.1 mM, N=21). The levels of sLDLR in the medium and high groups were
significantly higher than that in the normal group, while there was no significant difference
between the medium and high groups (Fig. 3.10e). Given the critical role of PCSK9 in the
regulation of plasma LDL cholesterol and hepatic LDLR levels, we also measured circulating

PCSKD9 in these subjects. As shown in Figures 3.10f and g, plasma levels of PCSK9 did not
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significantly associate with plasma LDL cholesterol in the whole group or women but did exhibit
a positive correlation with plasma LDL cholesterol levels in men (r=0.2255, p=0.0303; Fig.
3.10h). On the other hand, there was no significant association between plasma levels of PCSK9
and sLDLR in the whole group, women or men (Figs. 3.10i to k). Together, these findings indicate

that plasma levels of cholesterol but not PCSK9 are positively correlated to sSLDLR levels.

109



Chapter 3: Results Section I

a b c
p=0.992
150000 — ~S0n
.p._ ﬁ150000 r=0.047 1509 r=0.41
= p=0.875 = p=0.2962 L p<0.0001 .
% - - H;E - LI = - -
= ol = 1000001 ee " E 100+ Ul OF
z 00000 o § 4 g - Al ® ;
_J A =] BATY .. =
a Ll 3 e P N et e o
- © 500001 i g At 3 g0
3 E * l'g' : 9
= . L] -, 7]
3 50000 : 3 el e
@ ‘ﬁ‘ 0 0 1
0 20 40 Ago 80 100 0 2 4 6 8 10
- L g Total cholesterol (mM)
0 L] L] L]
d Men Women Undisclosed
e p<0.0001 f
r=0.198 - p=0.4716 :E“ 800000 . . r=0.1253
150000 p=0.01 150 00002 2 p=0.1095
E : = PROONz s £ 600000 :
5 .,g . o A 2
£ 100000 21004 @ At @
o = - O 400000
r ata ©
9 @l 5 £
» 50000 @ 50 al @ 200000
= o
2 A
@ " ' 0
0 0 T T T 0 8
0 2 4 6 8 Normal Medium High LDL-C (mM)
LDL Cholesterol (mM)
g h [
£ 600000 £ 800000 . 800000 .
g ) r=006508 @ r=0.2255 E ' r=-0.04527
5 . p=0.3711  '=500000{ p=0.0303 26000001 . , ° P=0.2943
E 400000 g . > ¢ .
3 4
Z 5L §400000- oLt % 400000 e, .
___‘_.'-:;___—'_1——-' e . . - Jh ': - *
£ 200000 el % ,..—.——4’.,"""/ s "_-'F%."‘r""——*-'——
A . © 2000001 s e . £ 2000001 o 3 3L FEe.
o © s =" o A S Tt . .
£ - . B 0 & 0 e v v
g “0 2 4 6 B2 0 2 4 P 0 50000 100000 150000
o LDL-C in women (mM) LDL-C in men (mM) Soluble LDLR (pg/ml)
J
% 800000 . =0.09204 £ Gooooo . r=-0.1231
= 600000 p=0.2221 % . * p=0.2102
g . € 4000007 ’
. . * . *e (=} - e .
S ao0000{ WSt . s a0t
¥ P, . = ' .
8 P porenr o L 22000001 " ¢ - % 26
£ 200000{ ‘N o¥ V-, = see,
E - gt e L . g . .
@ 0 - ’ - 0 - - g
T 0 50000 100000 150000 % . 50000 100000 150000
Soluble LDLR in men (pg/ml) o Soluble LDLR in women (pg/ml)

Fig 3. 10. Association between plasma sLDLR and LDL-C, Total cholesterol, PCSK9 in
humans. (a to k) Plasma levels of sSLDLR and PCSKY. Fasting plasma samples were collected
from 148 subjects. sSLDLR and PCSK9 were measured using their specific commercial kits (R&D
System). (a) Quantification of sSLDLR in men, women, and undisclosed gender. The data were
analyzed with one-way ANOV A and Tukey post-hoc test using GraphPad Prism 8. (b) Correlation
between plasma sLDLR levels and age of participants (c) Association between sLDLR and total
cholesterol. sSLDLR and total cholesterol in fasting human plasma samples were measured using
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their commercial kits from R&D system and Nanjing Jiangcheng Bioengineering Institute,
respectively. The association (¢) was analyzed using the Pearson’s correlation coefficient and
statistical significance among different groups. (d) Correlation between sSLDLR and LDL-C in all
participants. (e) SLDLR content in participants with normal, medium, and high plasma cholesterol
content. Statistical analysis was carried out with was with one-way ANOV A and Tukey post-hoc
test using GraphPad Prism 8. Correlation between plasma PCSK9 and LDL-C (f), PCSK9 and
LDL-C in women (g), PCSK9 and LDL-C in men (%), PCSK9 and sLDLR (i), PCSK9 and sSLDLR
in men (), PCSK9 and sLDLR in women (k). (f to k) was analyzed with the Pearson’s correlation
coefficient and plotted using GraphPad Prism 8.

Next, we examined the effect of MT1-MMP on the development of atherosclerosis in mice. ApoE"
"mice were injected with empty AAV or AAV containing human MT1-MMP cDNA and then fed
the Western-type diet for 8 weeks. Overexpression of MT1-MMP reduced LDLR levels in the
liver (Fig. 3.11a) and increased plasma levels of total cholesterol about 24% in mice (730 mg/dL
in the control, 911 mg/dL in MT1-MMP overexpressing mice, p=0.0772; Fig. 3.11b). We found
that lesion area in the aortic sinuses was significantly increased in MT1-MMP-overexpressing
mice (157.5 £ 21.03 pm? x 10° in the control group and 238.0 + 21.23 um? x 10° in MT1-MMP
overexpressing mice, p=0.0228; Fig. 3.11¢). Next, we generated MTIF'*/apoE” mice through
crossing MT1%°* mice with apoE”" mice. Cre recombinase was then introduced into the liver of
MTI"°/apoE”" via AAV under the control of a hepatocyte-specific TBG promoter (AAV-TBG-
cre) to knock down hepatic MT1-MMP expression. The mRNA levels of MT1-MMP were
significantly reduced (Fig. 3.11d), while hepatic LDLR levels were significantly increased in mice
injected with AAV-TBG-Cre when compared to the AAV-GFP injected mice (p=0.0385, Fig.
3.11e). However, knockdown of hepatic MT1-MMP did not significantly affect plasma cholesterol
levels (p=0.2981, Fig. 3.11f). Similarly, it has been reported that knockout of PCSK9 in apoE™"

mice does not significantly affect plasma cholesterol levels or atherosclerotic plaque sizes despite
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increased hepatic LDLR levels (Denis et al., 2012). Consistently, we did not observe a significant
difference in lesion sizes between the control and MT1-MMP knockdown mice (Fig. 3.11g,
p=0.7405). Denis et al. reported that knockout of PCSK9 reduced cholesteryl ester accumulated
in the aortas of apoE”" mice by approximately 39%, even though the sizes of the entire lesions
were not significantly reduced (Denis et al., 2012). We employed the same approach in our study
and found a similar phenotype, MT1-MMP knockdown caused a reduction of approximately 45%
in cholesteryl ester accumulation in the aorta of MTIM*/apoE” mice (mean value: 5.49 ng of
cholesteryl ester per aorta in AAV-GFP injected mice vs. 3.04 ng of cholesteryl ester per aorta in
MT1-MMP knockdown mice. Fig. 3.11h). Together, these findings indicate that MT1-MMP

promotes ectodomain shedding of LDLR and accelerates the development of atherosclerosis.
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Fig 3. 11. Atherosclerosis study. (a and b) Overexpression of MTI-MMP. (a) 8-week-old male
apoE”" mice were injected with empty AAV or AAV-MT1-MMP (AAV-MT1) and then fed
Western-type diet for 8 weeks. After euthanasia, the liver was collected. The same amount of total
proteins in liver homogenate was subjected to Western blot using a rabbit anti-LDLR polyclonal
antibody (3143), a rabbit anti-MT1-MMP monoclonal antibody and a mouse anti-actin monoclonal
antibody. (b) Plasma from each mouse were used to determine plasma total cholesterol levels using
a commercial kit (Wako Life Sciences) in accordance with the manufacturer’s instruction. (c)
Analysis of atherosclerosis. 8-week-old male ApoE” mice were injected with AAV-Empty
(Control) or AAV-MT1-MMP (MT1-MMP) and then fed the Western-type diet for 8 weeks. After
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euthanasia, the heart was collected and subjected to sectioning the aortic sinus. The slides were
stained with Oil Red O and imaged on OMAX M837ZL-C140U3 microscope (Magnification
40X). Atherosclerotic lesions in the aortic sinus were quantified using OMAX ToupView. (d and
¢) Knockdown of MT1-MMP. 8-week male MT1F'°*/ApoE"" mice were injected with AAV-GFP
or AAV-TBG-Cre (AAV-Cre) and then fed the Western-type diet for 8 weeks. After euthanasia,
the liver was collected. Total RNAs were extracted for qRT-PCR (d). The same amount of total
proteins in liver homogenate was subjected to Western blot using a rabbit anti-LDLR polyclonal
antibody (3143) and a mouse anti-actin monoclonal antibody. The relative densitometry was the
ratio of the densitometry of LDLR to that of actin in the same mouse (e). (f) Plasma levels of total
cholesterol were measured using a commercial kit from Cell Biolabs. (g) After euthanasia, the
heart was collected and subjected to sectioning the aortic sinus. The slides were stained with Oil
Red O and imaged on OMAX MS837ZL-C140U3 microscope (Magnification 40X).
Atherosclerotic lesions in the aortic sinus were quantified using OMAX ToupView. *p<0.05, **
p<0.01, *** p<0.001. The aorta was collected and then subjected to lipid extraction for the
measurement of cholesteryl ester (h).
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3.3 Discussion

LDLR and its family members such as VLDLR, apoER and LRP1 undergo ectodomain shedding
to release their soluble forms into the extracellular milieu such as cerebrospinal fluid and blood
(Chen, Takahashi, Oka, & Ma, 2016; Rebeck, LaDu, Estus, Bu, & Weeber, 2006). Recently,
Girona et al reported that plasma levels of sSLDLR were positively associated with non-HDL-C
and small LDL numbers in FH children (Girona et al., 2017). Consistently, two independent
studies revealed a mild but significant correlation between serum concentrations of sLDLR and
LDL-C in healthy adult Japanese and Canadian white population (Mayne et al., 2018; Shimohiro
et al., 2015). Here, we also found that SLDLR levels were positively correlated to plasma levels of
total cholesterol and LDL cholesterol and significantly increased in subjects with high plasma
levels of total or LDL cholesterol in adult Chinese. In addition, we observed a weak positive
association between plasma levels of PCSK9 and LDL cholesterol in men but not in the whole
group or women, consistent with a previous report (Mayne et al., 2007). Conversely, PCSK9 did
not significantly correlate to sSLDLR in men, women or the whole group. Circulating PCSKO9 is
mainly secreted from the liver but the underlying mechanism is unclear (Zaid et al., 2008). Loss-
of-function PCSK9 mutations increase hepatic LDLR levels, which should render more receptors
for MT1-MMP-mediated shedding and increase plasma sLDLR levels. Conversely, gain-of-
function PCSK9 mutations reduce the amount of hepatic LDLR susceptible to shedding, which
should reduce sLDLR in plasma. However, both loss-of-function PCSK9 mutations and gain-of-
function PCSK9 mutations can impair PCSK9 secretion and reduce plasma levels of PCSK9
(Cameron et al., 2006; Chorba, Galvan, & Shokat, 2018; Seidah, 2016). Thus, a detailed analysis

of genotype-phenotype association might be needed to explore the correlation between circulating
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PCSK9 and sLDLR. Nevertheless, these findings indicate that LDLR shedding plays an important

role in lipid metabolism.

The proteinase responsible for LDLR ectodomain shedding, however, remains unknown. In the
present study, we found that 1) MT1-MMP interacted with LDLR and knockdown of MT1-MMP
expression in different cell types including human primary hepatocytes increased cellular LDLR
levels but decreased sLDLR levels in culture medium, 2) knockout of hepatic MT1-MMP in mice
increased LDLR in the liver and reduced plasma levels of sLDLR, 3) overexpression of MT1-
MMP reduced LDLR in cultured cells and mouse liver and increased sLDLR in culture medium
and mouse plasma but had no effect on PCSK9 expression, 4) knockdown of MT1-MMP had no
effect on the mRNA levels of LDLR and other SREBP2 target genes including PCSK9, SREBP?2
and HMGCR, and 5) lysosomal inhibition with chloroquine that suppresses PCSK9- and IDOL-
promoted LDLR degradation had no effect on MT1-MMP-induced reduction in LDLR. MT1-
MMP knockdown also had no effects on the mRNA levels of PCSK9 and IDOL. Taken together,
our findings show for the first time that MT1-MMP regulates LDLR levels via promoting
ectodomain cleavage of the receptor. We noticed that knockout of hepatic MT1-MMP in mice
markedly reduced the levels of plasma sLDLR by approximately 67% and significantly increased
liver LDLR levels (Figs. 3.5d and e). This indicates that, at least in the liver, MT1-MMP is the
proteinase mainly responsible for the ectodomain shedding of LDLR. Given the ubiquitous
expression of LDLR, LDLR shedding in other tissues may contribute to plasma sLDLR detected
in MT1"%° mice. However, we cannot rule out the possibility that other hepatic proteinases might
also mediate LDLR shedding in the liver. For example, it has been reported that ADAMI17 can
promote LDLR shedding in HepG2 cells to a small extent (Strem et al., 2014). More experiments

are needed to define these possibilities.
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Hepatic LDLR is critical for the clearance of circulating apoB-100 and apoE containing
lipoproteins. Knockdown of MT1-MMP in cultured cells indeed enhanced cellular LDL uptake.
Furthermore, MT1"%° mice, especially on the Western-type diet exhibited an increase in liver
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 (Choi et al., 2013; Rashid et al., 2005; Zaid et al., 2008). On the other hand, overexpression
or knockdown of MT1-MMP in apoE”" mice did not significantly affect plasma cholesterol levels.
Although we could not exclude the possibility that the insignificance might be caused by the
relatively small sample size used in the study (six mice per group), it is of note that majority of
plasma cholesterol in apoE”" mice is remnant cholesterol. apoE”" mice do not express apoE, the
ligand of LDLR. Thus, chylomicron and VLDL remnants cannot be cleared by LDLR. This may
explain why overexpression of MT1-MMP significantly increased and knockdown of MT1-MMP
significantly reduced plasma cholesterol levels in mice with the wild-type background (Figs. 3.6b,
3.7b, and 3.7¢) but not in apoE”" mice (Fig. 3.11f and 3.11b). Similarly, overexpression or
knockout of PCSK9 does not significantly affect plasma cholesterol levels in apoE”" mice.
Conversely, overexpression of PCSK9 enhances the development of atherosclerosis and knockout
of PCSK9 reduces the levels of aortic cholesterol in apoE”" mice (Denis et al., 2012). Consistently,
we found that the atherosclerotic lesion area in the aortic sinuses was significantly increased in
apoE”" mice overexpressed MT1-MMP, while MT1-MMP knockdown reduced cholesteryl ester
accumulated in the aorta of apoE”" mice. Thus, MT1-MMP stimulates the development of

atherosclerosis most likely through promoting hepatic LDLR shedding.
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The shed ectodomains of VLDLR and apoER contain the ligand-binding domain and can bind to
their ligand, Reelin, functioning as a competitive negative regulator to block binding of Reelin to
the cell surface receptors (Chen et al., 2016; Koch et al., 2002; Rebeck et al., 2006). Here, we also
found that mouse plasma sLDLR co-eluted with VLDL, LDL and part of HDL on the size-
exclusion chromatograph and co-immunoprecipitated with apoB and apoE. Similarly, the majority
of human sLDLR was present in the fractions of VLDL and LDL. A small amount of human
sLDLR was also present in the HDL fractions of human plasma, but to a much lesser extent as
compared to mouse sSLDLR. This might be caused by the fact that mouse HDL is more enriched
in apoE compared to human HDL (Shapiro, Tavori, & Fazio, 2018). For example, knockout of
PCSK9 in mice dramatically reduces plasma levels of LDL and HDL due to enhanced LDLR-
mediated clearance of LDL and apoE-HDL (Choi et al., 2013; Rashid et al., 2005). On the other
hand, inhibition of PCSK9 in human markedly reduces plasma levels of LDL but not HDL
cholesterol (Sabatine, 2019). It will be of interest to examine if sSLDLR-bound LDL can be taken

up by cell-surface LDLR as efficiently as sSLDLR-free LDL.

MT1-MMP plays an essential role in tissue remodelling by cleaving extracellular matrix
components and many non-extracellular matrix substrates (Itoh, 2015; Dmitri V Rozanov et al.,
2004; Tam et al., 2004). However, compared to its roles in collagenolysis (Amar, Smith, & Fields,
2017), our understanding of the non-extracellular matrix targets of MT1-MMP and their related
physiological roles is poor. Recently, MT1-MMP has been shown to shed LRPI in breast
carcinoma MCEF7 cells as well as in vascular smooth muscle cells and in cartilage (Kishimoto, Iga,
Yamamoto, Takamune, & Misumi, 2017; Lehti, Rose, Valavaara, Weiss, & Keski-Oja, 2009;
Dmitri V Rozanov et al., 2004). However, we found that MT1-MMP had no detectable effect on

LRP1 expression in cultured hepatocytes and mouse liver. It has been reported that MT1-MMP
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efficiently mediates LRP1 shedding in fibroblastoid type but not the epithelioid variant of HT1080
cells (Dmitri V Rozanov et al., 2004). Thus, MT1-MMP appears to cleave LRP-1 in a cell-type

dependent manner.

Taken together, our findings uncover the fact that hepatic LDLR is cleaved by MT1-MMP. It is
well documented that MT1-MMP is highly expressed in various types of cancer cells and promotes
cancer metastasis and angiogenesis (Naseh, Mohammadifard, & Mohammadifard, 2016;
Pekkonen et al., 2018; Swayampakula et al., 2017). In addition, MT1-MMP is expressed in human
atherosclerotic plaques and promotes plaque rupture by enhancing the degradation of collagens
(Johnson, Sala-Newby, Ismail, Aguilera, & Newby, 2008). We further demonstrated that
overexpression of MT1-MMP increased the development of atherosclerosis while knockdown of
MT1-MMP reduced aortic cholesteryl ester accumulation in apoE” mice. Collectively, these
findings indicate that MT1-MMP may act as a shared risk factor for both cardiovascular disease
and cancers, the two leading causes of morbidity and mortality globally. Thus, inhibition of MT1-
MMP may become a very promising and valuable therapeutic target since it has the potential to
increase hepatic LDLR levels, lower circulating LDL-C levels, increase atherosclerotic plaque

stability and reduce the risk of cancer metastasis and invasion.
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Chapter 4

Tandem inhibition of MT1-MMP and other LDLR
regulating pathways increase availability of LDLR

and cholesterol clearance

All experiments were conducted and analyzed by Adekunle Alabi in Zhang’s lab except

Fig 4.4 and 4.5 (Faqi Wang designed experiments and Adekunle Alabi conducted and analyzed
experimental data- Zhang Lab)
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4.1 Introduction

The low-density lipoprotein receptor (LDLR) plays a very critical role in regulating low-density
lipoprotein (LDL); LDLR binds LDL on the cell surface and mediates its endocytosis for
lysosomal degradation (Davis, Driel, Russell, Brown, & Goldstein, 1987). Structurally, LDLR
consists of seven ligand-binding repeats (LRs) at its N terminus, followed by the epidermal growth
factor (EGF) precursor homology domain. Next in the LDLR amino acid sequence is the clustered
O-linked sugar domain, followed by the transmembrane domain and a cytoplasmic tail. Upon
ligand binding to the LRs, LDLR is internalized via clathrin-coated pits and delivered to
endosomes (Brown & Goldstein, 1986). In the low pH environment of the endosome, LDLR
undergoes a conformational change so that LR4 and LR5 form a physical interaction with the
Y WTD repeats, promoting the release of the bound LDL for delivery to lysosomes for degradation.

LDLR is then recycled to the cell surface (Rudenko et al., 2002).

Mutations in LDLR that disrupt its structure and function cause familial hypercholesterolemia,
which is characterized by elevated levels of circulating LDL cholesterol and causes tendon and
skin xanthomas as well as cardiovascular deposit, leading to a high risk of cardiovascular diseases
and mortality (Goldstein & Brown, 2009). Given its key role in regulating cholesterol homeostasis,
LDLR is regulated by multiple mechanisms at both the transcriptional and post-translational levels.
LDLR is transcriptionally regulated by SREBP-2 and post-translationally regulated by PCSKO9,
inducible degrader of the LDLR (IDOL) and Y'-secretase. PCSK9 binds to LDLR and promotes
lysosomal degradation of the receptor (Lagace et al., 2006), while IDOL down-regulates LDLR
via the polyubiquitination and lysosomal degradation pathway (Zelcer, Hong, Boyadjian, &
Tontonoz, 2009). Y'-secretase cleaves LDLR cytoplasmic region, leading to the lysosomal
degradation of the protein (Kim et al., 2018). Inhibition of the posttranslational regulators of LDLR
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such as PCSK9 and Y'-secretase has been shown to increase LDL cholesterol clearance. Similarly,
statins are the most widely used cholesterol-lowering therapy, they inhibit HMG-CoA reductase,
the rate-limiting enzyme in cholesterol biosynthesis pathway, upregulating the transcriptional
activity of SREBP-2 (Stancu & Sima, 2001) and consequently increasing expression of LDLR

and the clearance of circulating LDL.

The ectodomain of LDLR can be cleaved by proteases, with the released soluble LDLR
ectodomain (SLDLR) detected in cell culture media and in human plasma (Begg, Sturrock, & van
der Westhuyzen, 2004; Fischer, Tal, Novick, Barak, & Rubinstein, 1993). Serum levels of SLDLR
are positively correlated with plasma LDL-C levels (Shimohiro, Taniguchi, Koda, Sakai, &
Yamada, 2015). We recently reported that membrane-type matrix metalloproteinase-1 (MT1-
MMP) plays a key role in the cleavage of LDLR and the release of sLDLR into circulation,
functioning as an important regulator of LDLR and cholesterol homeostasis. The aim of our current
research was to determine the potential beneficial effect on lipid-lowering through a combination
of MT1-MMP inhibition with other strategies that can increase LDLR levels. In addition, sSLDLR
contains binding sites for LDL and PCSK9, hence we studied the possibility of the binding of

sLDLR to circulating LDL and PCSK9 and its functional impacts.
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4.2 Results

4.2.1 Combined treatment of MT1-MMP knockdown and other LDLR regulating

mechanisms
4.2.1.1 Gamma-secretase inhibition

Gamma-secretase has been implicated in the cleavage of the cytoplasmic C-terminal region of
LDLR (Kim et al., 2018) and its inhibition by the chemical compound DAPT slightly increases
LDLR on the cell surface(Strem, Tveten, Laerdahl, & Leren, 2014). We knocked down MT1-
MMP expression in HepG2 cells and then treated cells with DAPT to inhibit y-secretase; combined
inhibition of both proteinases showed a significant increase in the levels of LDLR compared to the
inhibition of individual protein. Similarly, treatment of DAPT led to an increase in the 17kDA
cytoplasmic fragment of the protein (fig 4.1a&b). This suggests that the ectodomain cleavage of
LDLR on the cell surface, mediated by MT1-MMP results in a C-terminal portion of the protein

that may be degraded by y-secretase.
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Fig 4. 1. Combined knockdown of MT1-MMP and inhibition of other LDLR regulating
pathways invitro. (a) Inhibition of y-secretase and MT1-MMP Knockdown. HepG?2 cells were
transfected with either scrambled or MT1-MMP siRNA. 24 h after transfection, cells were treated
accordingly with 10 uM DAPT solubilized in DMSO to inhibit y-secretase for 16 h. Cells were
collected for lysis and the whole-cell lysates were applied to SDS-PAGE, followed by
immunoblotting with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal anti-
transferrin receptor (TFR), and polyclonal anti-MT1-MMP (MT1) antibodies. (b) Quantification
of LDLR immunoblot in HepG2 cells. Values are mean = SD of independent triplicate
experiments. * P<0.05, ** P<0.01 control vs test variants.

4.2.1.2 PCSKY inhibition

PCSKO9 reroutes LDLR for lysosomal degradation (Lambert, Charlton, Rye, & Piper, 2009).
Numerous clinical studies using monoclonal antibodies against PCSK9 have shown a significant
reduction in LDL-C levels when used either alone or in combination with statin therapy (Auer &
Berent, 2018). Hence, to further understand the role of MT1-MMP in the cleavage of LDLR, we
investigated if LDLR increase associated with inhibition of PCSK9 is prone to proteolytic MT1 -
MMP cleavage. A combined knockdown of PCSK9 and MT1-MMP gene in Huh7 cell showed that
both siRNA treatments had an additive effect on the increase of cellular levels of LDLR (fig

4.2a&b), indicating that a combined therapy inhibiting both proteins could be beneficial. We then
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knocked down expression of MTI-MMP gene in Pcsk9 Knockout mice, an established mouse
model with significantly increased hepatic LDLR and reduced LDL-cholesterol compared to wild
type C57BL/6 mice (Rashid et al., 2005). Pcsk9”~ mice were completely devoid of the protein in
plasma compared to the wild type mice (fig 4.2¢). AAV-shRNA-mediated MT1-MMP knockdown
in Pcsk9” mice showed a significant reduction in mRNA levels of MTI-MMP in the liver as
indicated by qRT-PCR (fig 4.2d). The knockdown of MT1-MMP also caused a significant increase
in hepatic levels of LDLR (fig 4.2¢) and a corresponding reduction in the levels of total cholesterol
(fig 4.2f) when compared to Pcsk9” mice injected with AAV-scrambled shRNA. Collectively,
these findings demonstrate that combined M77-MMP and PCSK9 inhibition has an additive

beneficial effect on LDLR and cholesterol clearance.
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Fig 4. 2. Combined gene knockdown of MTI-MMP and PCSKY. (a) Knockdown of MT1-MMP
and PCSKY9 in Huh7 cells. Huh7 cells were co-transfected with either scrambled and MT1-MMP
siRNA, scrambled and PCSK9 siRNA or MTI-MMP and PCSK9 siRNA. 48 h after transfection,
whole cell lysate was collected and applied to SDS-PAGE. This was followed by immunoblotting
with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal anti-transferrin receptor (TFR),
and monoclonal anti-PCSK9 (PCSK9) antibodies. (b) Quantification of LDLR immunoblot
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from Huh?7 cells. Values are mean + SD of independent triplicate experiments. * P< (.05, **
P<0.01 control vs test variants. (¢) Plasma PCSK9 levels, as determined by R&D system ELISA
kit from C57BL/6 and Pcsk9”- mice after an overnight fast. Figure d to f, Pcsk9”" mice were
injected with 1 X 10'° genomic copies of Adeno-associated virus carrying scrambled shRNA or
shRNA targeting MT1-MMP gene. The mice were fed ad libitum a chow diet for 2 weeks, followed
by an additional 2 weeks of western diet feeding. Mice were sacrificed after an overnight fast one
month from shRNA injection. (d) Gene expression levels of liver MTI-MMP, as determined by
qRT-PCR. (e) Liver immunoblot, with a polyclonal anti-LDLR c-terminal, 3143, a polyclonal
anti-actin (Actin), and polyclonal anti-MT1-MMP (MT1) antibodies. (f) Plasma total cholesterol.
Values of data are mean + S.D. of 6 mice in each group. *, p<0.05. **, p<0.01. *** p<0.001.

4.2.1.3 Statin treatment

Statins inhibit HMG-COA reductase and subsequently activate the transcriptional activity of
SREBP2. This leads to enhanced expression of LDLR with a corresponding reduction in plasma
LDL-C. Thus, we hypothesized that the statin-induced increase of LDLR could be subjected to
MT1-MMP-mediated cleavage, reducing the lipid-lowering efficacy of statins. To test this, we
knocked down MTI-MMP expression in Huh7 cells and then treated cells with Lovastatin. As
shown in (fig 4.3a&b), lovastatin combined with MTI-MMP knockdown enhanced the increase

in LDLR levels in Huh7 cells compared to either treatment alone.
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Fig 4. 3. MTI-MMP knockdown and statin treatment in Huh7 cells. Huh7 cells were
transfected with either scrambled or MTI-MMP siRNA. After 24 h culture media was removed
and replaced with 7.5 pg/ml lovastatin supplemented with Spg/ml mevalonate in DMEM+10%
FBS. Cells were incubated with statin for 16hrs before lysis and western blot analysis. (a)
Immunoblot of Huh7 cell treated with statin. Immunoblotting was carried out with a polyclonal
anti-human LDLR c-terminal, 3143, a polyclonal anti-actin (Actin), and polyclonal anti-MT]1-
MMP (MT1) antibodies. (b) Quantification of LDLR immunoblot of Huh7 cells treated with
statin. Values are mean + SD of independent triplicate experiments. * P< (.05, ** P<(.01 control
vs test variants.

We further tested the effect of MT1-MMP knockdown in tandem with statin treatment in mice.
Male mice (10-12 weeks old) on chow diet were injected with either AAV-DJ/8 scrambled or
MTI1-MMP shRNA and then supplied with or without statin. MTI-MMP shRNA targeted
knockdown showed a significant reduction in MT1-MMP protein levels in the liver of both non-
statin and statin fed mice (fig 4.4a&d). Similarly, reduction in liver MT1-MMP caused a
significant increase in LDLR levels in both statin and non-statin fed mice (fig 4.4a to d). Statins
elicit their action by upregulating LDLR transcription, which was confirmed by qRT-PCR. The
mRNA and protein levels of Ldlr were significantly increased in statin fed mice compared to the

non-statin fed group (fig 4.4e&f).
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Fig 4. 4. MT1-MMP knockdown and statin treatment. Mice were injected with 1 X 10'°
genomic copies of Adeno-associated virus carrying scrambled shRNA or shRNA targeting M7T1-
MMP gene. Statin fed group of Mice were fed ad libitum a chow diet for 20 days, after which their
diet was supplemented with 0.2% statin (wt/wt) for 10 days and fasted 8hrs before euthanasia.
Non-statin fed group of mice were fed chow diet for 30 days without statin supplementation. Both
groups of mice were sacrificed 30 days after shRNA injection followed by blood and tissue
collection. (a) Liver homogenate immunoblot and (b) LDLR quantification, of mice without
statin supplementation. (c¢) Liver homogenate immunoblot and (d) LDLR quantification, of
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mice with statin supplementation. Immunoblotting was carried out with polyclonal anti- LDLR c-
terminal, 3143, a polyclonal anti-actin (Actin), and polyclonal anti-MT1-MMP (MT1) antibodies.
(e) Gene expression levels of liver Ldlr and MTI-MMP, as determined by qRT-PCR. (f) Effect
statin supplementation on LDLR protein levels in the liver. Inmunoblot compares liver LDLR
between scrambled shRNA injected mice of non-statin and statin fed mice. Immunoblotting was
carried out with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal anti-actin (Actin)
antibody. Values of data are mean + S.D. of 4-6 mice in each group. *, p<0.05. **, p<0.01. ***,
p<0.001.

MT1-MMP knockdown also reduced plasma levels of HDL and non-HDL-C in non-statin fed (fig
4.5a) and in statin fed group (fig 4.5b) because the increased LDLR levels can enhance clearance
of apoB-100 or apoE containing non-HDL lipoproteins and apoE containing HDL. Similarly,
FPLC analysis showed a reduction in both non-HDL and HDL cholesterol in MT1-MMP
knockdown mice (fig 4.5c¢&d). MT1-MMP knockdown appeared to reduce plasma levels of
apoB100 and apoB48 in the presence or absence of statin treatment, however, the reduction was
more drastic in the statin fed group. Silencing MT1-MMP expression did not affect plasma levels
of apoE in mice without statin treatment, however, combination of statin and MT1-MMP
knockdown reduced apoE levels (fig 4.5e&f). Together, our findings suggest LDLR upregulation
associated with statin treatment, is subject to MT1-MMP cleavage and as such a combined

treatment of statin therapy and MT1-MMP inhibition may be of additive benefit.
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Fig 4. 5. Effect of MT1-MMP knockdown and statin treatment on apolipoproteins and
lipoprotein cholesterol levels. (a) Plasma HDL and Non-HDL cholesterol measurements in
Non-statin fed mice (b) Plasma HDL and Non-HDL cholesterol measurements in statin fed
mice. 5 pl plasma sample from individual mouse was added to 5 pl LDL precipitating reagent to
separate HDL from Non-HDL cholesterol. HDL portion was transferred into a new tube, while the
precipitated Non-HDL cholesterol was resuspended and dissolved in 10 ul PBS. Both forms of
cholesterol were measured using a commercial kit from Cell Biolabs. (¢c&d) Plasma FPLC
cholesterol profile for Non-statin and statin fed mice. Plasma was pooled from 5 mice, for both
control and MT1-MMP knockdown mice and applied to FPLC column for lipoprotein separation.
(e&f) Immunoblot of plasma apolipoproteins for Non-statin and statin fed mice. Plasma
samples were diluted 10 X with distilled water, 10 pl of diluted samples were added to 10 pl
sample loading buffer and applied to SDS-PAGE. Immunoblotting was carried out with a
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polyclonal anti-apoB (apoB48 & 100), a polyclonal anti-apoE (apoE), and polyclonal anti-albumin
(Alb) antibodies.

4.2.2 LDLR Extracellular Domain binds LDL and prevents its Endocytosis

We then investigated the effect of sLDLR on LDL and its subsequent receptor-mediated
endocytosis. Based on the molecular mass of SLDLR, it contains most of its extracellular domain
including its ligand-binding repeats, and as such, it may retain its ability to bind LDL. To test this
hypothesis, we purified recombinant extracellular domain of LDLR with a Flag tag at the C-
terminus (A22- R788). Our recombinant LDLR (rLDLR) mimics the sSLDLR with a very similar
molecular weight. Hence, we incubated fluorescent Dil-labelled LDL in 1% BSA in the presence
or absence of rLDLR at 37°C for 1 hour. The mixture was then added to Huh7 cells that were
incubated in NCLPPS medium to increase expression of endogenous LDLR, after which, the cells
were washed to remove unbound LDL. LDL uptake was then measured as residual fluorescence
signal. As shown in Figure 4.6a, Huh7 cells effectively took up fluorescent-labeled LDL, however,
preincubation with rLDLR virtually abrogated uptake of Dil-LDL (fig 4.6a). This suggests that
rLDLR bound to LDL and then blocked its uptake by native membrane tethered LDLR in Huh7
cells. To further understand the process, we examined the dose-dependent effect of SLDLR on Dil-
LDL uptake. We incubated Sug Dil-LDL with various concentrations of rLDLR ranging from
0.5,1,2 and 4pg and then administered the mixture to Huh7 cells. Analysis of fluorescent signals
revealed that rTLDLR inhibited the uptake of Dil- LDL in a dose-dependent manner (fig 4.6b). This
experiment suggests that SLDLR-mediated inhibition of LDL uptake depends on the amount of

sLDLR available for binding to LDL.
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Fig 4. 6. Recombinant LDLR binds LDL and prevents its endocytosis. a) Quantification of
LDL uptake in Huh7 cells. 4 pg Dil-LDL was incubated with or without 4 pg rLDLR in 1% BSA
for 1 h, the mixture was then transferred to Huh7 cell in 96 well plate. (b) Quantification of
rLDLR Dose-dependent LDL uptake. 5 pg Dil-LDL was incubated with varying concentrations
of r(LDLR (0.5,1,2 and 4 pg) in 1% BSA for 1 h. The mixture was then transferred to Huh7 cell in
96 well plate, after which media was removed and cells washed for fluorescent measurement at
Excitation: 520 nm; Emission:580 nm. Values are mean + SD of independent triplicate
experiments. * P<0.05, ** P<(.01, *** P<0.001 control vs test variants.

4.2.3 LDLR Extracellular Domain binds PCSK9 and inhibits its ability to mediate LDLR

Degradation

Next, we determined if rLDLR could bind to PCSKO9. In order to test this possibility, we incubated
various concentrations of TLDLR with recombinant gain of function mutant PCSK9 (D374Y) that
has a much higher binding affinity to LDLR than the wild-type PCSK9. The mixture was then
added to Huh7 cells for overnight incubation at 37 °C. Same amount of whole cell lysate was
applied to western blotting. We found that rTLDLR dose-dependently suppressed PCSK9-promoted
LDLR degradation (fig 4.7a&b). This finding suggests that SLDLR that retains the PCSK9 binding
site may bind to PCSK9 in circulation and competitively prevent the protein binding to cell surface

LDLR.
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Fig 4. 7. Recombinant LDLR binds PCSK9 and inhibits LDLR degradation. (a&b)
Immunoblot and quantification of lysate from Huh7 cells treated with PCSK9 incubated
with rLDLR. 4 pg PCSK9 (D374Y) was incubated with or without varying concentration of
rLDLR (0,1,2,4, and 8 pg) in 1% BSA at 37 for 1 h, the mixture was then added to Huh7 cells in
6 well plate. Cells were lysed and lysates were applied to SDS-PAGE, followed by
immunoblotting with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal anti-
transferrin receptor (TFR), and monoclonal anti-PCSK9 (PCSK9) antibodies. Values are mean +
SD of independent triplicate experiments. * P< 0.05, ** P<0.01, *** P<0.001 control vs test
variants.

4.2.4 Soluble LDLR is not a mediator of PCSK9 binding to LDL in Circulation.

It has been reported that LDL binds PCSK9 in human plasma and then inhibits the ability of
PCSKO to degrade LDLR (Kosenko, Golder, Leblond, Weng, & Lagace, 2013). We have shown
that rLDLR binds to both LDL and PCSK9 independently. Hence, we hypothesize that sSLDLR
might mediate the binding of PCSK9 to LDL. To test this hypothesis, we tested PCSK9 in the LDL

fractions of wild type C57BL/6 mice and Ldlr knockout mice. If sSLDLR was required for the
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binding of PCSK9 and LDL, PCSK9 would be absent or reduced in the LDL fractions of Ldlr
knockout mice. The absence of sSLDLR was confirmed in Ld/r knockout mice (fig 4.8a). Analysis
of FPLC cholesterol showed elevated LDL content in Ldlr knockout mice as compared to the wild
type mice (fig 4.8b). We then measured PCSK9 in the LDL fraction collected from FPLC of the
wild type and Ldlr knockout mice plasma using ELISA. As shown in Figure 4.8c, PCSK9 was
detectable in the LDL fractions of both the wild type and Ldlr knockout mice. PCSK9 was
significantly higher in the LDL fraction of Ldlr knockout mice probably due to higher levels of
plasma LDL. This result indicates that sSLDLR plays a negligible role in the binding of PCSK9 to

LDL.
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Fig 4. 8. Soluble LDLR does not mediate PCSK9 binding to LDL (a) Plasma soluble LDLR
quantification. Male wild type and Ldlr”" mice were fasted overnight prior to blood sample
collection and plasma isolation. Blood plasma was then subjected to ELISA sLDLR measurement.
(b) FPLC cholesterol profile of wild type and Ldlr” mice plasma. Fasting mice from each group
of wild type and Ldlr” were pooled. 500 ul of pooled plasma was applied to a size-exclusion FPLC
column and the eluate was collected in 1 ml per fraction. Total cholesterol in each fraction was
measured using Wako Life Sciences kit and a cholesterol profile graph was plotted accordingly
(¢) Quantification of PCSK9 content in LDL fraction from wild type and Ldlr”- mice. PCSK9
was measured by commercial ELISA kit from R&D system, on pooled eluate corresponding to
LDL fractions between 10-14. Values of data are mean + S.D. of 5-6 mice in each group. *, p<0.05.
** p<0.01. *** p<0.001.
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4.3 Discussion

LDLR is regulated at both transcriptional and post-translational levels. We have recently identified
MT1-MMP as a posttranslational regulator of LDLR, cleaving the ectodomain of the protein and
releasing sSLDLR into the extracellular milieu. The findings from this study suggest that MT1-
MMP inhibition in tandem with inhibition of other LDLR regulating pathways such as Y secretase
and PCSK9 may be beneficial. It may be possible that MT1-MMP and Y- secretase work in tandem
since MT1-MMP cleaves the extracellular domain of the LDLR, leaving the cytoplasmic region
of the protein to be quickly degraded by Y- secretase. Similarly, combined therapy of MT1-MMP
knockdown and statin treatment showed an additive effect on the increase in LDLR, leading to a
significant effect on LDL cholesterol clearance. The combined therapy of PCSK9 monoclonal
antibody inhibitors with statin treatment has shown more beneficial effects on lipid-lowering than
statin alone, effectively reducing atherosclerotic cardiovascular diseases (Dixon et al., 2019).
Given the successful combination of PCSK9 and statin in the treatment of cardiovascular diseases,
the positive results from our experiments suggest that a combined therapy of MT1-MMP inhibition
and other treatments may be worthwhile. The increase in LDLR associated with inhibition of
gamma secretase and PCSK9, as well as statin treatment can be subjected to MT1-MMP-mediated
cleavage, therefore, the additive effect of the combined treatment on the increase in LDLR is most

likely a result of reduced shedding of the LDLR.

sLDLR in circulation retains its ligand-binding repeats. Thus, it retains the ability to bind LDL.
The binding of r(LDLR (sLDLR mimic) to LDL inhibits the uptake of the LDL in a dose-dependent
manner; this may explain why previous studies showed a significant correlation between
circulating lipoproteins and sLDLR (Mayne et al., 2018; Shimohiro et al., 2015). Each LDL
particle has one apoB100 with one LDLR binding site (Hevonoja, Pentikdinen, Hyvonen,
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Kovanen, & Ala-Korpela, 2000). The binding of sSLDLR to the sole LDLR binding site on the LDL
may prevent the binding of the lipoprotein particle to native LDLR, blocking the cellular uptake
of LDL for lysosomal degradation. This explains the reduced uptake of LDL by cells with an
increasing amount of rLDLR from our incubation experiment. Another ligand of the LDLR that
may serve as a potential binding partner for sSLDLR is PCSK9; our experiment suggests that
rLDLR binds to PCSK9 and prevent its LDLR degradation effect. This effect of rTLDLR mimics
inhibitory peptides of PCSK9 that are structurally similar to the EGFA region of LDLR, which is
the binding site of PCSK9 on the receptor. (Zhang et al., 2014). Thus, our findings suggest that
sLDLR could inhibit PCSK9-mediated degradation of the LDLR by attaching to its binding site

on PCSK9 and protecting the native LDLR.

Previous study showed that LDL inhibits PCSK9 mediated LDLR degradation in HEK293 cells
(Fisher et al., 2007). The authors suggested that this might be caused by reduced accessibility of
PCSK9 to LDLR due to the competitive advantage of LDLR for LDL over PCSK9. However,
kosenko et al. (2013) found that LDL directly or indirectly binds to PCSK9, inhibiting LDLR
degradation. X-ray crystallography modeling shows that the binding site of the LDL and PCSK9
on the LDLR is not in close proximity (Kwon, Lagace, McNutt, Horton, & Deisenhofer, 2008),
indicating that the possibility of a steric or allosteric hindrance of concurrent binding of both
proteins is low. We proposed that sSLDLR that retains the EGFA domain (the binding site of
PCSKY9) and ligand binding repeats (the binding site of LDL) may act as a linker for the binding
of PCSK9 to LDL. We observed that LDL fraction collected from Ldlr knockout mice plasma that
did not contain sSLDLR showed more associated PCSK9 than LDL fraction from plasma of the
wild type mice. Thus, sLDLR is not required for the binding of PCSK9 to LDL. This indicates that

an alternative mechanism is responsible for the process. Further investigation is required to
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understand the underlying mechanism because it could shed light on PCSK9 as a key regulator of

plasma LDL-cholesterol and cardiovascular diseases.
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Chapter 5

Mechanistic Study of MT1-MMP cleavage of the Low-

Density Lipoprotein Receptor and its related Proteins

All experiments were conducted and analyzed by Adekunle Alabi in Zhang’s lab
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5.1 Introduction

The Low-density lipoprotein receptor (LDLR) plays a critical role in the receptor-mediated
clearance of plasma LDL cholesterol (LDL-C) and as such regulates cholesterol homeostasis in
the body (Brown & Goldstein, 1986). Mutations in LDLR cause familial hypercholesterolemia
(FH), which is characterized by elevated circulating levels of cholesterol, specifically LDL-C
(Brown & Goldstein, 2006). LDLR deficient mice are hypercholesteraemic which is reversible
with adenovirus-mediated delivery of LDLR (Ishibashi et al., 1993), highlighting its importance in
cholesterol homeostasis. High levels of circulating cholesterol are pro-atherogenic and increase

the risk of coronary heart disease risk (Shepherd & Packard, 1986).

Structurally, LDLR consists of seven ligand-binding repeats (LRs) at its N terminus, followed by
the so-called epidermal growth factor (EGF) precursor homology domain. Next in the LDLR
amino acid sequence is the clustered O-linked sugar domain, followed by the transmembrane
domain and a cytoplasmic tail. Upon ligand binding to the LRs, LDLR is internalized via clathrin-

coated pits and delivered to endosomes (Brown & Goldstein, 1986).

The ectodomain of LDLR can be cleaved by proteases, with the released soluble ectodomain
LDLR (sLDLR) detected in cell culture media and in human plasma (Begg, Sturrock, & van der
Westhuyzen, 2004; Fischer, Tal, Novick, Barak, & Rubinstein, 1993). Serum levels of sSLDLR are
positively correlated with plasma LDL-cholesterol (LDL-C) levels (Shimohiro, Taniguchi, Koda,
Sakai, & Yamada, 2015). Membrane type 1 matrix metalloproteinase (MT1-MMP) has been
identified as one of the proteases responsible for LDLR cleavage. MT1-MMP is a membrane-
bound proteinase with multiple physiological and pathological functions elicited through

pericellular proteolysis and extracellular matrix remodeling (Wong et al., 2016). MT1-MMP
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consists of a signal sequence followed by a pro-domain that keeps the enzyme in an inactive form,
a catalytic domain that has a conserved zinc-binding motif, a flexible hinge region, a hemopexin-
like domain that may mediate protein-protein interaction, a transmembrane domain, and a C-
terminal cytoplasmic tail that is required for MT1-MMP recycling (Fernandez-Garcia et al., 2014;
Remacle, Murphy, & Roghi, 2003). These regions within the protein may or may not play a critical
role in MT1-MMP targeting and proteolysis of its multiple substrates (Cerofolini et al., 2016).
Mutations in various domains of MT1-MMP are known to lead to a complete or partial loss of its
activity (Dmitry V. Rozanov et al., 2001; Sakr et al., 2018), which may cause deleterious or
favorable phenotypes. MT1-MMP has also been reported to cleave LDLR related family proteins,
such as LRP1, releasing their ectodomain into the culture medium (Dmitri V Rozanov, Hahn-
Dantona, Strickland, & Strongin, 2004; Selvais et al., 2011). Similarly, metalloproteinases have
been reported to cause the release of soluble forms of LDLR structurally related proteins such as
VLDLR and ApoER2 (Hoe & Rebeck, 2005), however, the exact metalloproteinase eliciting this

activity is yet to be determined.

The aim of this study was to understand the cleavage pattern of MT1-MMP on LDLR and to
determine substrate specificity for both MT1-MMP and LDLR as compared to other closely related
members within each protein family. We also studied the effect of a naturally occurring mutation

in MT1-MMP pro-domain on its ability to cleave the LDLR.
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5.2 Results

5.2.1 MT1-MMP-Mediated LDLR Cleavage occurs at Multiple Sites on the LDLR

The LDLR has five distinct regions that play critical roles in the functionality of the protein and
may be required for MT1-MMP-mediated cleavage of the protein or maybe the site of cleavage.
Hence, we sort to determine if any region of the protein was critical for its MT1-MMP mediated
cleavage. In order to test this possibility, we made cDNA with deletions in the regions coding for
different parts of the LDLR protein, ligand binding repeat deletion (A R1-R7), EGF-like domain
deletion (A EGF), O-Linker sugar domain (A O-Linker) and C-terminal domain (A 812). Each
deletion mutant was co-expressed with MT1-MMP in HEK293 cells. We found out that MT1-
MMP cleaved all LDLR mutants tested in a similar manner to the wild type (fig 5.1a, lane 1-12),
indicating that the regions in LDLR we tested are not required for MT1-MMP’s cleavage of the
LDLR or MT1-MMP has multiple cleavage sites on the protein. Similarly, to explore the
possibility of LDLR cleavage occurring at the cell surface or after endocytosis, we investigated if
the loss of recycling property of LDLR affected its cleavage by MT1-MMP. Using cDNA derived
from site-directed mutagenesis of WT-LDLR cDNA to JD mutant, a naturally occurring mutation
that changes the tyrosine of the NPVY motif to cysteine (Y807C) and as such prevents endocytosis
of the protein (Davis, Driel, Russell, Brown, & Goldstein, 1987). Co-expression of the JD-mutant
with MT1-MMP did not prevent MT1-MMP cleavage of the protein (fig 5.1a, lane 13&14),
indicating that the endocytosis pathway of the protein does not play an important role in the

cleavage of the protein by MT1-MMP.

To further understand the cleavage pattern of LDLR by MT1-MMP, and if indeed it cleaves LDLR

at multiple sites, we used purified recombinant proteins of c-terminal His tagged MT1-MMP with
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its pro-domain A21-S538 (Pro-MT1) and c-terminal Flag-tagged LDLR A22- R788 (rLDLR) in
an invitro cleavage experiment. The pro-domain of Pro-MT1 was cleaved to generate the active
rMT1, which was then incubated with rLDLR; western blot analysis of the incubated mixture
showed that full-length extracellular rLDLR was cleaved to multiple bands in the presence of
rMTT1 (fig 5.1b). This further reiterated the possibility of multiple cleavage sites on the LDLR. We
then used a software CleavePredict to predict the cleavage sites of MTI-MMP on LDLR.
CleavePredict is a validated free access web server for substrate cleavage pattern prediction by
matrix metalloproteinase, the prediction employs matrix metalloproteinase specific position
weight matrices which is derived from statistical analysis of high-throughput phage display
experimental cleavage results of metalloproteinases (Kumar, Ratnikov, Kazanov, Smith, &
Cieplak, 2015). The putative MT1-MMP cleavage sites of LDLR as predicted by the software are
shown in Table 5.1. The software predicted 22 possible cleavage sites on the LDLR protein, with
a spread across all its extracellular domain; to test our hypothesis, we selected 4 locations based
on the position weight matrix score and proximity to the transmembrane domain which has been
suggested to be the cleavage region of MT1-MMP on LRP1 (Dmitri V Rozanov et al., 2004). The
positions we picked were A521, G529, N645 in the YWTD region of the EGF-Like domain and
A789 within the transmembrane domain of the protein. We generated cDNA with a mutation to
valine for each (A521V, G529V, N645V, A789V). Valine was chosen as a substitute amino acid
because it was the most structurally related amino acid to wild type residues that caused a bypass
of cleavage site identified by the Cleavepredict software. We then co-expressed each of these
mutants with MT1-MMP in HEK293 cells. Like the wild type protein, all mutants were cleaved

by MT1-MMP (fig 5.1¢). The outcome of this experiment suggests that each of these predicted
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cleavage sites is not required for MT1-MMP-mediated cleavage of LDLR. In summary, our data

suggest that MT1-MMP may cleave LDLR at more than one site within the entire protein.
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Fig 5. 1. MT1-MMP Cleavage of the LDLR is not restricted to a single region within the
protein. (a) Co-expression of MT1-MMP and LDLR deletion mutants. HEK293 cells were co-
transfected with either wild type LDLR or deletion mutants of LDLR with MT1-MMP cDNA.
After 48 h, cells were collected. Whole-cell lysates were applied to SDS-PAGE, followed by
immunoblotting with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal anti-
transferrin receptor (TFR), and polyclonal anti-MT1-MMP (MT1) antibody. (b) Invitro cleavage
assay of rLDLR and rMTI1. Purified MT1-MMP with its pro-domain (Pro-MTI1) was
preincubated with trypsin in assay buffer for 1h at 37 °C to initiate cleavage of the pro-domain and
generate active MT1-MMP (rMT1), the reaction was stopped with AEBSF. rLDLR was then
incubated for 1h with or without Pro-MT1/tMT1 at 37 °C in assay buffer. Whole incubation
content was subjected to SDS-PAGE and immunoblotting. rLDLR and its cleaved fragments were
detected using a monoclonal anti-FLAG antibody, while rMT1 was detected with a polyclonal
anti-MT1-MMP (MT1) antibody. (¢) Co-expression of MT1-MMP and LDLR mutants.
HEK?293 cells were co-transfected with either the wild-type or mutant LDLR with the wild-type
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MTI1-MMP. After 48 h, cells were collected. Whole-cell lysates were applied to SDS-PAGE,
followed by immunoblotting with a polyclonal anti-human LDLR c-terminal, 3143, a polyclonal
anti-actin (Actin), and polyclonal anti-MT1-MMP (MT1) antibody.

Table 5. 1-LDLR Cleavage site prediction by CleavePredict. Indicating cleavage position,
residues and position weight matrix score associated with each point of cleavage. Selected
Positions highlighted in Red.

P1 cleavage positions Residues PWM * Score
14 WTVAL-LLAAA 0.54
86 CIPQF-WRCDG 1.94
152 CGPAS-FQCNS 5.51
186 QRCRG-LYVFQ 2.87
397 KAVGS-IAYLF 1.14
400 GSIAY-LFFTN 3.05
421 SEYTS-LIPNL 2.97
425 SLIPN-LRNVV 2.30
521 SKPRA-IVVDP 4.90
529 DPVHG-FMYWT 5.37
541 GTPAK-IKKGG 1.95
554 VDIYS-LVTEN 1.17
565 QWPNG-ITLDL 5.36
584 SKLHS-ISSID 3.26
608 RLAHP-FSLAV 2.38
610 AHPFS-LAVFE 1.45
645 LLAEN-LLSPE 5.96
657 VLFHN-LTQPR 4.07
685 CLPAP-QINPH 2.54
701 ACPDG-MLLAR 0.81
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707 LLARD-MRSCL 1.93

789 SSVRA-LSIVL 7.55

5.2.2 The Catalytic Domain of MT1-MMP is critical for LDLR Shedding

Given the unique functions of the various regions of MT1-MMP, contributing to the overall
proteolytic activity of the metalloproteinase, we sort to determine if any region was critical for
MT1-MMP-mediated cleavage of LDLR. Hence, deletion of specific regions of MT1-MMP with
an HA tag in the hemopexin-like domain of the protein was co-expressed with wild type LDLR in
HEK?293 cells. The cleavage property was lost with the catalytic region deletion (fig 5.2),
reinforcing the importance of the catalytic property of the proteinase for LDLR cleavage as earlier
revealed from our previous experiment with the catalytically dead E240A mutant of MT1-MMP.
In addition, deletions of amino acid residues 163-170 (MT-loop) of the MT1-MMP protein led to
a loss of the cleavage property of MT1-MMP even though the protein still retained its catalytic
property as indicated by its autocatalysis to generate a 44 KDa fragment of the protein. All other
deletion within the MT1-MMP protein did not affect its ability to cleave LDLR. Thus, the catalytic

activity and the MT-loop are required for MT1-MMP cleavage of LDLR.
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Fig 5. 2. MT1-MMP catalytic region plays a critical role in the cleavage of the LDLR.
HEK293 cells were co-transfected with either wild type MT1-MMP or deletion mutants of MT1-
MMP with LDLR ¢cDNA. After 48 h, cells were collected. Whole-cell lysates were applied to SDS-
PAGE, followed by immunoblotting with a monoclonal anti-human LDLR, HL-1, a polyclonal
anti-transferrin receptor (TFR), a monoclonal anti HA (MT1-MMP Hemopexin region) and a
monoclonal anti-MT1-MMP (MT1-catalytic region) antibody. Densities were determined using a
Licor Odyssey Infrared Imaging System. The relative density is the ratio of the LDLR density to
that of the transferrin receptor (TFR) under the same conditions. Values are mean + SEM
independent triplicate experiments. *** P<0.001 control vs MT1-MMP variants.

5.2.3 MT1-MMP Cleaves Members of the LDLR related Protein Family

Proteins within the LDLR related family share a similar structure, however, the most closely
related to the LDLR are VLDLR and APOER2 (LRP8) (He, Semenov, Tamai, & Zeng, 2004).
Sequence alignment shows that LDLR shares 59% and 46% homology with VLDLR and ApoER2
respectively (Poirier et al., 2008). Metalloproteinases have been implicated in the shedding of
VLDLR to release soluble VLDLR (sVLDLR) into the culture medium from retina cells (Chen,
Takahashi, Oka, & Ma, 2016) and in HeLa cells (Marlovits, Abrahamsberg, & Blaas, 1998).
Similarly, soluble ApoER2 (sApoER2) from metalloproteinase shedding has been reported (Hoe

& Rebeck, 2005). Hence, we investigated if MT1-MMP cleaved VLDLR and APOER?2 protein in
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a similar mechanism as the LDLR, given their structural similarity. We co-expressed LDLR,
VLDLR and APOER2 with MT1-MMP in HEK293 cells. Our result showed that VLDLR and
APOER?2 were cleaved by MT1-MMP in a dose-dependent manner (fig 5.3a), but to a lesser extent

compared to LDLR, suggesting that MT1-MMP preferably cleaved LDLR. (fig 5.3b).
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Fig 5. 3. MT1-MMP sheds closely related family members within the LDLR family (a) MT1-
MMP cleaves LDLR, ApoER2 and VLDLR. HEK?293 cells were co-transfected with either wild
type LDLR family protein 0.5ug cDNA (LDLR, flag tagged ApoER2 and HA-tagged VLDLR)
with varying amounts of MT1-MMP cDNA 0.1,0.2 and 0.3pg in a 12-well plate. After 48 h, cells
were collected. Whole-cell lysates were applied to SDS-PAGE, followed by immunoblotting with
a polyclonal anti-human LDLR antibody, 3143, polyclonal anti-flag antibody (ApoER2),
polyclonal anti-HA antibody (VLDLR), monoclonal anti-MT1-MMP antibody and a polyclonal
anti-actin (Actin) antibody. (*) signifies the matured receptor protein of LDLR, ApoER2 and
VLDLR after glycosylation of the premature protein (#). (b) Quantification of the percentage of
receptor protein remaining after cleavage, from the co-transfection experiment of LDLR,
ApoER2, VLDLR (0.5 pg cDNA) and MT1-MMP (0.5 pg cDNA) in 12 well plate. Values are
mean = SEM of independent triplicate experiments. *** p<0.001 LDLR vs ApoER2 and VLDLR

5.2.4 Effect of MT1-MMP related Metalloproteinase on LDLR Cleavage

MT1-MMP is the most studied of the membrane-type matrix metalloproteinase family which

consists of MT1, MT2, MT3, MT4, MT5, and MT6- MMP. They share similar structures and
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substrates and sometimes can compensate for the loss of each other. This makes it very challenging
to develop specific metalloproteinase inhibitors (Fields, 2015). MT2-MMP is the most similar to
MT1-MMP with 53% sequence homology, and is appreciably expressed in the liver and hepatoma
cells at a level comparable to MT1-MMP; while other MT-MMP’s are almost undetectable in the
liver (Duarte, Baber, Fujii, & Coito, 2015). To this effect, we investigated the possibility of LDLR
shedding by MT2-MMP relative to MT1-MMP shedding of the LDLR protein. We co-expressed
LDLR and MT1 or MT2-MMP in Huh7, both metalloproteinases cleaved the LDLR, however,
coexpression of MT1-MMP with LDLR showed less cellular receptor than MT2-MMP (fig 5.4a).
To further confirm this finding, we co-transfected LDLR with different amounts of MT1-MMP or
MT2-MMP in HEK293 cells. As shown in Figure 5.4b, both MT1-MMP and MT2-MMP shed
LDLR in a dose-dependent manner, however, the shedding effect of MT2-MMP was less than that
of MT1-MMP (fig 5.4b). Taken together, these data suggest that both MT1 and MT2-MMP can

cleave LDLR, however, MT1-MMP has a much higher cleavage efficiency.
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Fig 5. 4. MT2-MMP cleaves the LDLR in a similar fashion as MT1-MMP but to a lower
extent. (a) Co-expression of LDLR with MT1 or MT2-MMP. Huh7 cells in 6 well plates, were
co-transfected with 1ug LDLR and 1ug HA-tagged MT1-MMP or HA-tagged MT2-MMP cDNA.
After 24 h, the medium was changed to DMEM without FBS for 16 h, after which cells and
medium were collected. Whole-cell lysates and medium were applied to SDS-PAGE, followed by
immunoblotting with a monoclonal anti-human LDLR, HL-1, polyclonal anti HA antibody (MT1
and MT2) and polyclonal anti-transferrin receptor (TFR). Quantification of the relative
densitometry of data includes values of 3 independent experiment mean + S.D. *, p<0.05. **,
p<0.01. (b) Dose-dependent cleavage of LDLR by MT1 and MT2-MMP. HEK293 cells were
co-transfected with wild type LDLR and varying amounts of MT1-MMP ¢cDNA 0.5 and 1pgin a
6-well plate. Whole-cell lysates were applied to SDS-PAGE, followed by immunoblotting with a
monoclonal anti-human LDLR, HL-1, a monoclonal anti-MT1-MMP (MT1) antibody and
polyclonal anti-actin (Actin) antibody for loading control. experiments.
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5.2.5 A37P mutation in the Pro-domain of MT1-MMP Reduces its ability to cleave LDLR

We identified a variant of MT1-MMP (rs139288377) in the Dallas Heart Study that is significantly
associated with plasma LDL-C levels. The average LDL-C levels of 36 people with the variant
were about 87 mg/dl, compared with 110 mg/dl in the controls. This variant mutates alanine at
position 37 to proline in the pro-domain of MTI-MMP (MT1-A37P). Ala37 is completely

conserved in MT1-MMP among different species (Fig. 5.5).

Human. m-spaprppr—-clllplltlgtalaslgsagsssfspeawlggygylppgdlrthtgrsp
Chimpanzee. m-spaprpsr—-clllplltlgtalaslgsagsssfspeawlggygylppgdlrthtgrsp
Monkey . m-spaprpsr—clllplltlgtalaslgstgsstfspeawlqgqgygylppgdlrthtgrsp
Gelada. m-spaprpsr—-clllplltlgtalaslgstgsstfspeawlggygylppgdlrthtgrsp
Cow. m-spaprpac—-slllpvltlasalaslssagss-fspeawlgghgylppgdlrthtgrsp
Buffalo. m-spaprpac-slllpvltlasalaslssagss—-fspeawlqgqygylppgdlrthtgrsp
Sheep. m-spaprpac—-slllpvltlasalaslssagss-fspeawlggygylppgdlrthtgrsp
Goat. m-spaprpac—-slllpvltlasalaslssagss-fspeawlggygylppgdlrthtgrsp
Deer. m-spaprpac-slllpvltlasalaslssagss—-fspeawlqggygylppgdlrthtgrsp
Fox. m-spaprpag—-glllplltlasalaslssagss—-fspeawlggygylppgdlrthtgrsp
Dog. m-spaprpag-grllplltlatalaslssagss-fspeawlqgqygylppgdlrthtgrsp
Seal. m-spaprptg—glllplltlatafaslssagss-fspeawlggygylppgdlrthtgrsp
Cat. m-spaprpag-glllplltlatalaslssagss-fspeawlqgqygylppgdlrthtgrsp
Horse. m-spaprpar-glllplltlatalaslssagss-fspeawlgqygylppgdlrthtgrsp
wild m-spaprpvr-slllplltlasalaslssags——-fspeawlagygylppgdlrthtgrsp
Porpoise. m-slaprpar-slllpllalasalaslssaqgss-fspeawlqqgygylppgdlrthtqgrsp
Whale. m-slaprpar—-slllpllalasalaslssagss—-fspeawlqgygylppgdlrthtgrsp
Elephant. m-spaprpar-rlllplltlgtvlasldlagsssfspeawlqggygylppgdlrthtgrsp
Mouse. m-spaprpsr-slllplltlgtalaslgwaggsnfspeawlqqgygylppgdlrthtgrsp
Rat. m-spaprpsr—-slllplltlgttlaslgwagssnfspeawlqggygylppgdlrthtgrsp
Beaver. m-spsprtsr-slllplltlgtalaslgsagssnifspeawlqggygylppgdlrthtgrsp
Hamster. m-spaprpss—-flllplltlgsalaslawagssnispeawlqgygylppgdlrthtgrsp
Squirrel. m-spaprpsc-slllplltlgtalaslgsagsssfspeawlggygylppgdlrthtgrsp
Guinea m-srgpr—-—-—-slllplltlgtalaslgltgssnfspeawlqgygylppgdlrthtgrsp
Armadillo. m-sraprppr-nlllplltlgtalaslgsagsssfspeawlqggygylppgdlrthtgrsp
Rabbit. m-spaprpsr-rlllplltlgtalaslgsagsnsfspeawlqggygylppgdlrthtgrsp
Puma. mM=gehCEisr-m= et e a e —— agpratflslgawlggygylppgdlrthtgrsp
Alligator. M—-gpS—————m=— llsaglvlgsll--glgvgdpgfspeawlggygylppgdlrthtgrsp
Turtle. m-spspslap—-sllsatlvliall--rgaagdpnfspeawlggygylppgdlrthtgrsp
Lizard. mvgpaargapffrllpllalalsallhptfstsgvspeawlggygylppgdlrthtgrsp
Frog. ) e e eplraawiclflcsvessnpskfspeawlqggygylppgdlrthtlrsp
Cynoglossus. M-——=—=———=—=—=——=— llglftlasalccftsvsanvlkagawlgtygylplgdgragairsp
Zebrofish. m-iwsgftr---1l11lifvca-—-——- hrssskqgdmkpeawlggygylppgdlrthtarsp
*
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Fig 5. 5. Sequence alignment, showing residues 1-58 of MT1-MMP and conservation of
alanine (a) at position 37 across a variety of species. * indicate conserved residue within the
aligned sequence.

To dissect the potential underlying mechanism, we examined the impact of the mutation on the

ability of MT1-MMP to activate pro-MMP2 and cleave LDLR. LDLR and wild type or mutant
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MTI1-MMP were co-expressed in HEK293 cells. We observed that LDLR abundance in whole cell
lysate was reduced and sLDLR levels in culture medium were increased in cells expressing either
wild type or mutant MT1-MMP (fig. 5.6a, lanes 2 and 3 vs 1; fig. 5.6b). MT1-A37P also retained
the ability to activate pro-MMP2 (fig. 5.6¢). However, MT1-A37P displayed a significantly
reduced ability to cleave LDLR and activate pro-MMP2 when compared to wild type MT1-MMP
(fig. 5.6a to 5.6¢). Thus, mutation MT1-A37P that reduces plasma levels of LDL-C in humans

significantly decreases the ability of MT1-MMP to cleave LDLR.
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Fig 5. 6. Effect of A37P mutation on MT1-MMP’s ability to cleave the LDLR. (a) Co-
expression of wild type and A37P LDLR with MT1-MMP. HEK293 cells were co-transfected
with a plasmid containing LDLR c¢cDNA and empty pCDNA3.1, plasmid containing wild type
(WT) MT1-MMP, or plasmid containing MT1-MMP A37P mutation using Lipofectamine 3000
(1pg of total DNA/well of a 12-well plate). 48 h after, whole-cell lysates were prepared and
subjected to Western blot. Immunoblotting was done with a monoclonal anti-human LDLR, HL-
1, a polyclonal anti-actin (Actin), and a monoclonal anti-MT1-MMP (MT1) antibody. Endogenous
(#) and Overexpressed (*) MT1-MMP (b) Soluble LDLR content. HEK293 cells were transfected
as described in panel a. 24 h after transfection, cells were cultured in serum-free medium overnight.
The same amount of culture medium was subjected to SLDLR measurement using the commercial
ELISA kit according to the manufacturer’s instruction. (¢) Gelatin zymography. HEK293 cells
were transfected with empty, wild type, or mutant A37P MT1-MMP containing plasmid for 36 h.
The medium was then changed to serum-free media, and conditioned media was collected over the
subsequent 16 h. The same amount of total proteins in medium (80 pg) was applied to gelatin
supplemented SDS-PAGE for later zymography analysis (#), cell lysate was also subjected to
immunoblot (*). Quantification of the relative densitometry of data includes values of 3
independent experiment mean = S.D. *, p<0.05. **, p<0.01. *** p<0.001.
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5.3 Discussion

MT1-MMP has been known to shed cell surface receptors at multiple sites within their
extracellular domain, such as LYVE-1 (Wong et al., 2016) and Syndecan 1&4 (Manon-Jensen,
Multhaupt, & Couchman, 2013). Herein, we also found that no particular region abrogated the
MT1-MMP-mediated cleavage of the protein, suggesting that the proteolytic effect of MT1-MMP
on LDLR is not solely restricted to a particular region of the LDLR. In order to confirm the
possibility of multiple cleavage sites on the LDLR, we incubated purified recombinant proteins of
MTI1-MMP and LDLR in vitro. The outcome of the experiment showed that MT1-MMP caused
multiple shed bands of LDLR, suggesting multiple cleavage sites on the protein. Consistently,
cleavage site prediction by the software CleavePredict identified 22 possible sites in LDLR that
are prone to be cleaved by MT1-MMP. Together, these findings suggest the possibility of a

multiple site cleavage of the LDLR by MT1-MMP.

The deletion of the regions of MT1-MMP showed that only the catalytic domain of the protein
was required for its cleavage of the LDLR. The catalytic region also harbors the MT-loop from
amino acid residues 163-170. It has been reported that the loop within the catalytic region interacts
with cell surface substrates, its deletion usually leads to MT1-MMP mislocalization relative to f1-
integrins adhesion complexes at the cell surface (Woskowicz, Weaver, Shitomi, Ito, & Itoh, 2013).
The deletion of the MT-loop of MT1-MMP led to the loss of its ability to cleave LDLR, even
though the protein still retained its catalytic property. This may suggest a role for B1-integrin

adhesion complexes in the MT1-MMP-mediated cleavage of LDLR.

MTI-MMP is an established promiscuous protease with a variety of substrates. Hence, we

determined the specificity of MT1-MMP for the LDLR compared to other structurally similar
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proteins. Structural close relatives of LDLR within the LDLR-related protein family are ApoER2
and VLDLR. Co-expression of these proteins with MT1-MMP revealed that MT1-MMP cleaved
all three receptors, with a more efficient LDLR cleavage compared to others. However, it is yet to
be determined if ApoER2 and VLDLR are natural substrates for MT1-MMP because our
experiment only considered the overexpression of MT1-MMP, which may cause non-specific
cleavage of the proteins. Similarly, MT1-MMP closely related metalloproteinase family member
MT2-MMP has been known to share common substrates ( proMMP-2, Laminin-1, collagen I and
fibrin) with MT1-MMP (Itoh, 2015). Our experiments showed that MT2-MMP had similar
cleavage property as MT1-MMP on the LDLR, however, its cleavage of LDLR was to a lesser
extent as compared to MTI-MMP. We have also previously reported that MT2-MMP did not
compensate for MT1-MMP LDLR cleavage, in our MTI-MMP liver-specific knockout mice
model. Taken together, this suggests that MT1-MMP targets LDLR with higher specificity and

efficiency over MT2-MMP.

Mutation of Ala 37 in the pro-domain of MT1-MMP to Pro (A37P) evidently reduced the ability
of the proteinase to cleave LDLR and activate ProMMP?2. The primary role of the MT1-MMP pro-
domain is to maintain the protein in a latent state. It also functions as an intramolecular chaperone,
playing a critical role in the folding and trafficking of the protein (Cao et al., 2000). MT1-MMP
protein with a deleted pro-domain or deleted sequence between S34 to T51 within the pro-domain
is poorly delivered to the cell surface. The proteinase without a pro-domain arrives at the cell
surface as a catalytically inactive form and is unable to bind to TIMP2 (Cao et al., 1998; Pavlaki
et al., 2002). Other mutations within the pro-domain and signal peptide such as TI17R(Evans et al.,
2012) and R111H (Vos et al.,, 2018) have been reported to reduce the activity of the

metalloproteinase. This may explain why a mutation in the pro-domain such as A37P can affect
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the overall function of the protein and reduce the ability of MT1-MMP to cleave LDLR. The
reduced plasma circulating LDL-C in individuals with A37P mutation may be as a result of an
increase in the availability of LDLR due to a partial loss of MT1- MMP’s ability to cleave the

receptor.

In conclusion, our study has shown that MT1-MMP targets LDLR and cleaves it at multiple sites.
This cleavage is mediated by activities within the catalytic domain of the protein. Thus, inhibition
of MT1-MMP may serve as a therapeutic target for the treatment of cardiovascular diseases

associated with elevated levels of circulating LDL cholesterol.
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6.1 Conclusion

Metalloproteinases have long been implicated in the shedding and release of LDLR ectodomain;
broad-spectrum metalloproteinase inhibitors were reported to have increased cell surfaced LDLR
and reduced the availability of SLDLR in culture medium (Begg, Sturrock, & van der Westhuyzen,
2004). Similarly, the FH mutation G805R led to an increase in the amount of SLDLR in HepG2
cells caused by shedding of the protein, facilitated by matrix metalloproteinases (Strom, Tveten,
Laerdahl, & Leren, 2014). Even though metalloproteinases have been implicated in LDLR
shedding, the exact protease(s) involved were unknown until recently Bone Morphogenetic
Protein-1(BMP-1) was identified as a metalloproteinase that cleaves Gly171-Asp172 within the
linker sequence connecting ligand-binding repeat 4 and 5 of LDLR (Banerjee et al., 2019).
Cleavage within this region generates a 120KDa C-terminal fragment protein attached to the
membrane with lower LDLR uptake capacity and a 36KDa N-terminal fragment in culture media.
The soluble 36KDa LDLR fragment is different from the cleaved extracellular domain reported in
cell culture media and plasma (Begg et al., 2004; Mayne et al., 2018). Hence, there must be

alternate proteases that mediate this process.

The experiments outlined within this thesis identified MT1-MMP as a key player in the cleavage
of the LDLR to release soluble forms into culture media in vitro and plasma in vivo. Our study
found that MT1-MMP interacts with the LDLR and cleave the protein at multiple sites, however,
the major cleavage site led to the release of an approximately 120KDa extracellular soluble
fragment. Although MT1-MMP mediates its cellular activities either by catalytic or non-catalytic
mechanisms (Pahwa, Stawikowski, & Fields, 2014), the shedding of LDLR by MT1-MMP

requires its catalytic property. This was underscored by the inability of the catalytically inactive
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mutant MT1-MMP E240A to initiate LDLR cleavage and the loss of the cleavage property of the

mutant MT1-MMP, in which the catalytic region was deleted.

LDLR plays a critical role in the receptor-mediated clearance of plasma LDL-C, thus functioning
as a key player in cholesterol homeostasis (Brown & Goldstein, 1986). LDLR deficiency leads to
elevated plasma cholesterol levels (Ishibashi et al., 1993). High levels of circulating cholesterol
are pro-atherogenic and increase the risk of atherosclerosis and coronary heart disease (Shepherd
& Packard, 1986). Our data showed that MT1-MMP knockdown increased cell surface levels of
LDLR with a corresponding increment in LDL uptake capacity in cultured cells. In order to
evaluate the therapeutic potential of MT1-MMP in lowering plasma LDL-C, it is critical to
understand the pathophysiological role of MT1-MMP in lipid metabolism. MT1-MMP null mice
could not be used to study the effect of long-term MT1-MMP deficiency on lipid metabolism since
they die between 3—4 weeks (Holmbeck et al., 1999). We developed MTI-MMP liver-specific
knockout mice (MT1*%9) to study MT1-MMP’s role in lipid metabolism since no liver damage has
been reported in MT1-MMP null mice and the clearance of circulating LDL-C is mainly mediated
through hepatic LDLR (Vance & Vance, 1990). As expected, the deletion of MT1-MMP in mice
liver led to a significant increase in hepatic LDLR and a significant reduction in levels of plasma
sLDLR and LDL-C. Liver-specific overexpression of MTI-MMP in Apoe” mice significantly
increased atherosclerotic plaque deposition in the aorta. However, MT1-MMP knockdown did not
alter plaque area in Apoe”” mice. It is noteworthy that histological quantification of plaque is an
assessment limited to the aortic valves and root which does not allow detection of lipid levels in
the remainder of the aorta. Cholesterol ester determination in the whole aorta has been shown to

be a more reliable assessment criterion in the investigation of atherosclerosis progression in
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Apoe-/- mice with Pcsk9 knockout (Denis et al., 2012). Indeed, the determination of aortic
cholesterol ester levels in Apoe” mice with MT1-MMP knockdown showed reduced accumulation
of cholesterol ester in the aorta. Thus, MT1-MMP promotes the development of atherosclerosis by

cleaving the LDLR.

Current therapies to increase LDLR levels and reduce LDL-C involve statins inhibiting HMG-
CoA reductase and inhibition of the LDLR degrader PCSK9. Results from this thesis showed that
a combined treatment of MT/-MMP knockdown and statin treatment or Pcsk9 deletion had a
combined beneficial lipid-lowering effect in mice. These treatments combined with MTI-MMP
knockdown led to an additive increase in LDLR and reduction in the levels of total cholesterol in
circulation, suggesting that LDLR increment caused by treatment with statin and PCSK9 inhibition
is prone to cleavage by MT1-MMP. Thus, combined therapy may be of useful effect given the
success accomplished with the combination of statin treatment and PCSK9 monoclonal antibody
therapies (Auer & Berent, 2018). Taken together, our findings uncover the fact that MT1-MMP
cleaves hepatic LDLR and regulates cholesterol metabolism, thus MT1-MMP could be a target to

reduce hypercholesterolemia and the incidence of atherosclerosis.

The emerging sLDLR in circulation resulting from cleavage by proteinases or alternate inefficient
splicing of LDLR contains the extracellular ligand-binding repeats of the protein (Begg et al.,
2004; Rebeck, LaDu, Estus, Bu, & Weeber, 2006). One of the most profound implications of
soluble receptor production is the possibility of a dominant-negative effect, which may compete
with the native membrane-tethered receptor for its ligands (Rebeck et al., 2006). Studies have
shown a positive correlation between sLDLR and some of its ligands such as LDL and VLDL
(Girona et al., 2017; Mayne et al., 2018), which may be as a result of direct binding of the soluble

receptor to these ligands, preventing their clearance or reduction of ligand uptake as a result of
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receptor shedding. However, within the context of this thesis, we have been able to ascertain that
sLDLR is associated with its ligands in circulation, mostly LDL and VLDL, as well as PCSKO9.
The association of the soluble receptor to its ligands is able to impair ligand uptake by the native
cell surface receptor. This suggests a deleterious phenomenon which may prevent the effective
clearance of lipoproteins, especially LDL. It is worth noting, however, that the concentration of
sLDLR in humans is in the range of 10-100 ng/ml, which is completely outnumbered by LDL with
an average normal concentration of 100-110 mg/dl. This means the binding of sSLDLR to LDL will

only contribute minimally to the overall clearance efficiency and atherogenicity of LDL.

In summary, this thesis has been able to determine a novel metalloproteinase that cleaves the
LDLR and reduces its capacity to take up its ligands, especially LDL, thus highlighting a new role
for the metalloproteinase in cholesterol metabolism in addition to its well research function in

cancer metastasis.
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MT1-MMP oy oL /A €

Lysosome

Fig 6. 1. Final Model of proposed MT1-MMP cleavage of the LDLR and fate of sLDLR.
MT1-MMP cleavage of the LDLR prevents its uptake of LDL for lysosomal degradation. Cleaved
sLDLR binds to LDL and reduces the accessibility of LDL to the cell surface LDLR for clearance.
Both pathways ultimately leading to an increased level of circulating lipoproteins.
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6.2 Future work

The results generated from experiments within this thesis enhanced our understanding of the
shedding of the LDLR, how LDLR shedding regulates cholesterol metabolism and the fate of

sLDLR. However, there is cause for further investigation into a few other points:

e Determination of MT1-MMP cleavage site on the LDLR
To develop inhibitors that will prevent or reduce MT1-MMP binding to the LDLR, it is essential
to identify the cleavage sites of the proteinase on LDLR. Global inhibition of the proteinase is not
feasible given other important physiological roles of MT1-MMP; hence only targeted inhibition
would be effective. Results from chapter 5 of this thesis suggest multiple cleavage sites on LDLR;
our effort to identify the cleavage sites with cleavepredict software was not successful. Similarly,
our effort to determine the cleavage site using protein sequence mapping with mass spectrometry
was limited by broad peaks developed because of the LDLR heterogenous glycoprotein structure

(fig 6.2).
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Fig 6. 2. Chromatogram of rLDLR ionization by MALDI-MS. Ionic variants of rLDLR
indicated as m/z 48164 (+2) and 95918 (+).
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e Regulation of MT1-MMP cleavage of the LDLR
Our results show that MT1-MMP cleaves the LDLR. However, further details are required on the
regulation of MT1-MMP cleavage of LDLR; if at all it is dependent on the amount of cellular
cholesterol available to the cell or other yet to be determined factors. LRP1 a closely related protein
to the LDLR is cleaved by MT1-MMP in a process regulated by cellular availability of cholesterol
(Dekky et al., 2016). Similarly, cellular cholesterol levels have been reported to regulate the
shedding of membrane proteins such as interleukin-6 receptor and CD-30 (Matthews et al., 2003;
von Tresckow et al., 2004). In all cases, depletion of cellular cholesterol was shown to increase

the shedding of receptor proteins.

e Clearance of sSLDLR from circulation
Our results show that sSLDLR is circulation binds to its ligands in circulation, thus preventing
ligand uptake by the membrane-tethered receptor. It is imperative that we understand how the
sLDLR-LDL complex is finally cleared from circulation or their proatherogenic effects in the

absence of a clearance mechanism by the body.
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