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Abstract 

Title of Dissertation: LRP1 as a Regulator of the Vasculature and Extracellular Matrix 

Allison L. Arai, Doctor of Philosophy, 2020 

Dissertation Directed by: Dudley K. Strickland, Ph.D., Professor, Department of Surgery 

and Selen M. Catania, Ph.D., Assistant Professor, Department of Physiology 

The arterial wall and extracellular matrix (ECM) constantly remodel in response to 

physiological and pathophysiological signals including aging, atherosclerosis, and 

aneurysm formation. Low-density lipoprotein receptor-related protein 1 (LRP1) is an 

endocytic and signaling receptor capable of binding and internalizing over 100 

structurally unrelated ligands. LRP1 has an important role in vascular maintenance and 

homeostasis. Global knock-out of LRP1 in mice results in embryonic lethality due to 

failure to recruit mural cells to developing vessels. Smooth muscle cell (SMC)-specific 

knock-out of LRP1 (smLRP1-/-) causes fully penetrant aortic aneurysm formation in 

mice. Collaborators at University of Texas Health Science Center and Johns Hopkins 

University have identified multiple rare human LRP1 variants associated with aortic 

disease. We hypothesize that genetic variants of LRP1 associated with aneurysm 

formation will impact ligand binding, trafficking, or signaling of LRP1. We used 

biochemical, cell-based, and mouse studies to determine the functional impact of rare 

LRP1 variants. We used surface plasmon resonance to investigate the binding 

relationship between LRP1 and matrix metalloprotease-1 (MMP-1), an ECM protease 

associated with aneurysm formation. We found that MMP-1 was a novel LRP1 ligand 

and the endogenous inhibitory MMP-1 complex was the preferred MMP-1 form for 

LRP1 binding. Complex formation of MMP-1 with tissue inhibitor of metalloproteases 1 

(TIMP-1) resulted in a 30- to 40-fold increase in the binding affinity for LRP1 compared 



 

to other forms of MMP-1. Next, we introduced rare LRP1 variants by site-directed 

mutagenesis into truncated forms of LRP1 called mini-receptors to examine LRP1 

trafficking. Specific LRP1 mutations impacted LRP1 turnover and/or maturation. We 

also found that LRP1 mini-receptors have a trafficking impairment that results in 

targeted, proteasomal degradation and limited LRP1 cell surface delivery. We suggest 

future caution when using mini-receptors in assays dependent on LRP1 trafficking. 

Finally, our mouse-based studies examined the impact of loss of LRP1 in SMCs 

(smLRP1-/-) on the cerebrovasculature and found that the vascular branching pattern and 

geometry was unaffected. In summary, our results demonstrate that LRP1 rare variants 

associated with aneurysm formation have functional deficits in LRP1 and that LRP1 is an 

important regulator of the vasculature and ECM. 
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Chapter 1: Introduction 

One of the most critical systems in the human body is the circulatory system. For 

every body organ, the circulatory system serves the dual purpose of (1) delivering blood 

and nutrients via blood vessels and (2) retrieving substances lost during the delivery 

process for recirculation or excretion via lymphatics. Blood delivery provides the fuel 

and signals required for proper organ function and tissue survival. 

The arteries of the cardiovascular system comprise the primary delivery conduits 

for all the critical cargo. The arteries are highly organized, interconnected structures with 

a patent lumen in healthy vessels. The arterial wall is composed of three circumferential 

layers: tunica intima, tunica media, and tunica adventitia (Fig 1.1). The layers are defined 

both by the residing cell types and the components of the extracellular matrix (ECM). 

The innermost layer of the vessel, the tunica intima, features a single-cell thick 

layer of endothelial cells that is in direct contact with the lumen of the vessel. The 

outermost boundary of the tunica intima is demarcated by a single elastic layer called the 

internal elastic lamina. The endothelial cells determine the permeability of the vessel. In 

the brain, the endothelial cells are connected by tight junctions and form the blood-brain 

barrier, which allows for intricate control of the molecules that pass from the blood to the 

brain 1. In organs similar to the intestine that require lots of exchange of molecules 

between the blood and the organ, the endothelial cells have built in pores for mass 

transport 1. 

 The tunica media is the central layer of the vessel wall is comprised of smooth 

muscle cells (SMCs) and elastic fibrils. During embryonic vasculogenesis, SMCs are 

recruited to endothelial tubes, the precursors to vessels 2. Recruited SMCs exist in a  



2 

 

synthetic state where they produce a number of proteins and growth factors that are 

necessary for vessel formation and maturation, including ECM proteins 3. In 

vasculogenesis, SMCs secrete tropoelastin monomers that associate with each other and 

microfibrils to form elastic fibrils 4. The elastic fibrils organize into structures that are 

capable of storing and releasing energy as a result of vessel stretching 5. In mature 

vessels, blood flow from the heart to the periphery is facilitated by elastic recoil of 

vessels in addition to contraction of smooth muscle cells 6. 

Finally, the outermost layer of the vessel is the tunica adventitia that is primarily 

composed of fibroblasts and collagen. Collagen forms a triple-helical structure that is 

c 

Elastic Muscular 

Figure 1.1. Cross-section of arterial blood vessels 

The blood vessels are divided into three primary layers. The tunica intima (white layer immediately 
adjacent the lumen) is made up of a single layer of endothelial cells. The tunica media (pink central 
layer) is made up of smooth muscle cells (outlined in red) and the elastin layers (wavy blue lines). 

The outermost layer is the tunic adventitia (yellow layer), which consists of primarily fibroblasts and 
collagen. The vessel on the left represents a large caliber elastic artery that has a lot of elastin 
deposition and smooth muscle cells in contrast to the small caliber muscular artery on the right where 

the greatest proportion of the vessel is composed of smooth muscle cells. 
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arranged in a meshwork pattern to provide structural integrity to the vessel 1. Together, 

these cell types and ECM components define the vessel wall anatomy and function. 

 Depending on vessel caliber or size of the vessel, each layer of the vessel 

constitutes a different proportion of the vessel wall. The aorta is the largest artery in the 

body, originating directly from the left ventricle of the heart. A majority of the aortic wall 

is composed of the tunica adventitia because the aorta is the blood vessel that sustains the 

largest variations in blood pressure. Arteries are divided into elastic and muscular arteries 

based upon the ratio of the wall thickness devoted to elastin laminae in comparison to 

smooth muscle cells. The larger arteries have greater proportion of the wall that is 

comprised of elastin. Elastic arteries primarily facilitate blood flow through elastic recoil 

of the vessel wall 6. In contrast, the arterioles and smaller arteries are classified as 

muscular arteries and tend to have very few elastic laminae but high smooth muscle cell 

content 6. The muscular arteries maintain the peripheral vascular resistance, which 

maintains overall blood pressure and blood flow in the circulatory system 6. The 

physiological differences between different arteries highlight that all vessels are not 

created equal and that the composition of the vessel dictates its function. 

 Another source of variation in vessel morphology and function stems from the 

developmental origin of the vascular SMCs. Even within the same vessel, the 

developmental lineage of the vascular SMCs can differ. The aorta is divided into three 

anatomic regions based on the origin of the progenitor cells that differentiate into 

vascular SMCs 7. The SMCs of the aortic arch are primarily derived from neural crest 

cells 7. The thoracic aorta contains vascular SMCs derived from somites 7. Finally, 
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vascular SMCs in the abdominal aorta have lineages specific to the splanchnic mesoderm 

7. Cell origin impacts SMC features beyond anatomic location. 

The embryonic cell origin of vascular SMCs does result in functional difference 

best demonstrated by disease states. In aortic aneurysm formation, the clinical features of 

the disease are highly stratified based upon anatomical region. The aneurysms of the 

thoracic aorta are commonly found in children as a result of congenital diseases with 

specific gene mutations 8. In contrast, aneurysms of the abdominal aorta are associated 

with increased age, male gender, and history of smoking 8. In atherosclerosis, the 

abdominal aorta is more susceptible to plaque formation than the thoracic aorta 7. 

Abdominal aortic segments are still the region of the aorta most susceptible to 

atherosclerosis even after homograft exchange of the abdominal and thoracic regions of 

the aorta, suggesting that intrinsic vessel properties of the region but not anatomic 

location determined atherogenic potential 9. Vascular SMC embryonic lineage also has 

significant impact on susceptibility of a vessel to disease. 

 Adulthood does not signal stasis of the vasculature. The vessels are dynamic 

structures that must assist in pumping blood throughout the circulatory system and 

therefore are constantly under stress. Aging alone results in vessel stiffening due to 

collagen modifications that protect the matrix protein f rom physiological remodeling 10. 

Atherosclerosis, a common cardiovascular pathology, begins when oxidized LDL carried 

in the blood is endocytosed by macrophages to create foam cells that begin a series of 

remodeling events that results with formation of a plaque that can eventually occlude the 

vessel 11. To maintain blood flow in cases of blockage, the vessels have hypoxia-

triggered angiogenic events to develop new arterial branches to provide collateral blood 
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flow around the blockage 1. A clear example of vessel remodeling is demonstrated in 

mouse models based upon human mutations that cause aortic aneurysm that were 

mentioned previously 12,13. Although the ECM has previously been characterized as a 

static scaffolding structure, the ECM undergoes frequent dynamic rearrangement, 

especially in response to injury and pathology 14–17. To combat the pathological changes, 

the vessel has inherent mechanisms to maintain the health and structure of the vessels and 

prevent vessel remodeling. 

1.1 Structure of low-density lipoprotein receptor-related protein 1 (LRP1) 

Low-density lipoprotein receptor-related protein 1 (LRP1) is an endocytic and 

signaling receptor that has a distinctive role in vascular maintenance and vasculogenesis. 

LRP1 belongs to the low-density lipoprotein receptor (LDLR) family that were originally 

discovered as regulators of protease inhibitors and lipoproteins 18. LRP1 is a 600 kDa 

Type I transmembrane receptor with a large extracellular domain, a single-pass 

transmembrane domain, and a short cytoplasmic domain (Fig. 1.2). The extracellular 

domain of LRP1 is composed of ligand binding repeats (also known as LDLa repeats or 

complement repeats), epidermal growth factor-like (EGF-like) repeats, and beta-propeller 

domains. The ligand binding repeats are grouped into four clusters that are named cluster 

I, II, III, and IV that have the ability to associate with LRP1 ligands. The cytoplasmic 

region of LRP1 contains multiple motifs that are necessary for mediating endocytosis and 

signaling. The endocytic signals include two NPxY motifs and two dileucine motifs. Both 

of these motifs recruit proteins to induce the formation of clathrin-coated pits to mediate 

endocytosis from the cell surface to low pH endosomes 19. 
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 Trafficking of LRP1 to the cell surface is not a trivial process, especially due to its 

large size and subunits with complex and critical structures. LRP1 is translated in the 

rough endoplasmic reticulum (ER) where it associates with multiple chaperone proteins 

to ensure proper folding of the individual subunits. Receptor associated protein (RAP) is 

an endogenous ER-resident chaperone protein that facilitates folding of the ligand  

binding repeats, which have a structure critical for ligand recognition 20. Mesoderm D has 

also been suspected as a chaperone protein for folding the six-bladed torus-shaped beta-

propeller domains 21. Properly folded LRP1 receptors that pass the chaperone checkpoint 

proceed to the Golgi apparatus 22. The LRP1 receptor is processed at the trans Golgi 

apparatus by furin cleavage at the beta-propeller domain closest to the membrane 22. The 

two chains remain associated non-covalently and are then further trafficked to the cell 

membrane 22. 

 

-chain -chain 

85 kDa 515 kDa 

TM 

CT 

I II III IV 

Figure 1.2. Schematic diagram of the structure of low-density lipoprotein receptor-related 
protein 1 (LRP1) 

LRP1 is a  600 kDa Type I receptor of the low-density lipoprotein receptor family that has a large 
extracellular domain, a  single-pass transmembrane (TM) domain, and a cytoplasmic tail (CT). The 

receptor is composed of ligand binding repeats (black circles; also LDLR class a (LDLa) repeats or 
complement repeats) that form four clusters (Clusters I, II, III, IV), which have different LRP1 
ligands that they interact with. Interspersed between the clusters are epidermal growth factor-like 

(EGF-like) repeats (patterned ovals), and beta-propeller domains (circles made of gray hexagons). 
LRP1 is processed by furin in the trans Golgi apparatus at the beta-propeller domain closest to the 
transmembrane region to yield the alpha-chain (515 kDa) and the beta-chain (85 kDa), which 

associate non-covalently post-processing, including at the cell surface. 
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1.2 LRP1 as a regulator of extracellular ligands 

One function of LRP1 is to bind, endocytose, and traffic ligands to lysosomes for 

degradation. Within each cluster of LRP1, each ligand binding repeat has an acidic 

binding pocket that facilitates specific interactions with lysine residues on ligands of 

LRP1 23–27. As a result, LRP1 can bind to over 100 structurally unrelated ligands 28, 

including multiple proteases, protease inhibitors, and ECM proteins 29–34. LRP1 also has 

been reported to bind with greater affinity to protease:protease inhibitor complexes rather 

than either protein alone 29–32. LRP1 undergoes constitutive endocytosis regardless of 

ligand association 35,36. Most, but not all, ligands recycled are released when they reach 

low pH endosomes 37–39. Low pH endosomes can then fuse with lysosomes where many 

LRP1 ligands are degraded. Thus, LRP1 is capable of regulating the extracellular 

environment as well as the surface proteome 40. 

1.3 Role of LRP1 in the vasculature 

 LRP1 has been found to be an essential receptor for vascular health. Complete 

genetic knock-out of LRP1 in mice results in embryonic lethality at E12.5 days due to 

uncontrollable hemorrhage 41. The vasculature in LRP1-/- mice fail to mature as a result 

of failure to recruit mural cells, including SMCs, to early stage vessels. To study the role 

LRP1 in adult vasculature, LRP1 was selectively deleted from SMCs (smLRP1 -/-) in mice 

33. Mice without LRP1 in smooth muscle cells did survive to adulthood but had 

significant dilatation of all regions of the aorta by four months of age 33. Histological 

cross-sections of the aorta of the smLRP1-/- mice display the two hallmarks of aneurysm 

formation, which include thickening of the tunica media and nicks and breaks of the 
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elastin layers 33. Interestingly, the aneurysm features are consistent for all of the elastic 

arteries studied to date, including the superior mesenteric arteries 33.  

Due to the ability of LRP1 to interact with and regulate the abundance of 

proteases, protease inhibitors, and ECM proteins, it is not surprising that LRP1 heavily 

influences the ECM. This phenomenon is directly highlighted in work on the role of 

smooth muscle cell LRP1 (smLRP1) on the aortic ECM 33. The protein abundance of 

three different proteases were highly upregulated in smLRP1-/- mice compared to 

controls. The proteases affected included two matrix metalloproteases (MMPs), 

specifically the gelatinases MMP-2 and MMP-9, that both have elastolytic activity and 

high-temperature factor A1 (HtrA1) that targets ECM proteins including fibulin, type II 

collagen, and decorin. Interestingly, mRNA expression levels of all the proteases were 

unchanged; suggesting that loss of LRP1 resulted in loss of regulation of extracellular 

protease abundance through abolished endocytic clearance function of LRP1. The 

resulting MMP dysregulation has been associated with damaged elastic fiber integrity in 

elastic arteries including the aorta and the superior mesenteric artery and aortic aneurysm 

in humans 42–44. 

1.4 Role of LRP1 in aortic aneurysms 

 An aortic aneurysm is a weakening of the blood vessel wall that causes ballooning 

of the vessel wall at the point of weakness. Fatal complications of aneurysm formation 

include rupture leading to massive hemorrhage and impaired blood delivery as well as 

dissection, which results in a tear between layers of the vessel wall that can fill will blood 

and prevent blood flow altogether. Aortic aneurysms exhibit clear distinctions based upon 

the anatomical region where they originate. Thoracic aortic aneurysms occur above the 
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diaphragm, typically are congenital, and occur very rarely. Abdominal aortic aneurysms 

(AAAs) occur below the diaphragm in about 1% of the population and are highly 

associated with environmental risk factors including smoking history, male sex, and 

atherosclerosis. Most notably, AAAs typically occur after the sixth decade of life. To 

date, no single gene has been identified as causative for AAAs. 

LRP1 has also been associated with diseases of the aorta in humans. Genome 

wide association studies have identified multiple single nucleotide polymorphisms in 

LRP1 that are associated with abdominal aortic aneurysm formation and sporadic 

thoracic aortic dissections 45,46. In addition, our collaborators (Milewicz lab, University of 

Texas Health Science Center) studied families with inherited thoracic aortic aneurysms 

and identified over 20 LRP1 rare variants that segregate in afflicted family members 

(unpublished data). Of particular interest is that about a quarter of the variants cluster at 

the beta-propeller domain that is cleaved by furin during LRP1 processing. In addition, 

multiple variants also occur in ligand binding repeats that could impact binding to 

proteases and ECM components that already are known to cause aortic aneurysm 

formation. However, none of these variants have been studied for their impact on the 

function of the LRP1 receptor. 

Another collaborator (Dietz laboratory, Johns Hopkins University) treated a 10-

year-old patient with a very unusual aortic aneurysm presentation 47. The young patient 

has a severe abdominal aortic aneurysm, which is not a typical anatomical location based 

upon his age. In addition, aneurysms in this patient occur diffusely throughout multiple 

vascular beds and not isolated to the aorta. The patient had no abnormal results when 

tested for genetic mutations, deletions, and copy number variations that are reported to 
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cause aortic disease in children. However, whole exome sequencing of the patient 

identified two rare mutations in LRP1: A3487T and V1291I. Trio analysis involving 

whole exome sequencing of both parents determined the inheritance patterns of these 

mutations. The A3487T mutation was identified as a de novo mutation in one of the 

ligand binding repeats. The V1291I mutation was maternally inherited but the mother 

was phenotypically normal. Since complete loss of LRP1 results in embryonic lethality, 

we suspect that each mutation has a severe impact on two independent functions of LRP1 

that together result in an accelerated presentation of abdominal aortic aneurysms 50 years 

earlier than is expected. Unpublished proteomic data from smooth muscle cells from this 

patient identified upregulation of MMP-1 protein abundance but stable gene transcription 

in comparison to smooth muscle cells from controls without aortic disease (unpublished). 

Since MMP-2 and MMP-9 are known LRP1 ligands, we investigated the binding 

relationship between MMP-1 and LRP1. Dysregulation of extracellular levels of MMP-1 

could contribute to degradation of the aortic ECM and aortic aneurysm progression.  

1.5 Specific Aims 

While LRP1 is known to have an important role in vascular maintenance and 

aneurysm formation in mice, the functional impact of LRP1 variants on human 

vasculature and pathophysiology is unknown. The LRP1 variants identified in patients 

suggest a strong association between genetic changes and aortic disease. Based upon the 

biochemical role of each LRP1 structural feature, we predict that the genetic mutations 

identified will have functional impacts on LRP1-regulated processes, including ligand 

binding and LRP1 receptor trafficking. In addition, we predict the effect of smLRP1 on 

vascular development and maintenance will also extend to vascular beds beyond the aorta 
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and the mesenteric arteries, specifically the brain. In these studies, we use biochemical, 

cell-based assays, and genetically modified mice to investigate the role of LRP1 in 

aneurysm formation. 

Hypothesis: Genetic variants of LRP1 that are associated with aneurysm formation could 

impact ligand binding, trafficking, or signaling of LRP1. 

Aim 1: Identify the binding mechanism between MMP-1 and LRP1. 

Aim 2: Examine the impact of LRP1 variants on trafficking of the receptor. 

Aim 3: Determine the impact of loss of LRP1 in SMCs on cerebrovascular branching. 
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Chapter 2: Materials and Methods 

 

2.1 MMP-1 related methods 

Proteins. Human His-tagged proMMP-1 protein (Cat#: 10532-H08H, Uniprot entry 

P03956) and recombinant human MMP-3 catalytic domain (MMP-3cd) protein (Cat#: 

10467-HNAE, Uniprot entry P08254) were purchased from Sino Biological. Anti-MMP-

3 antibody (Cat#: MAB3306) and purified human proMMP-9 (Cat#: CC079, Uniprot 

entry P14780) were purchased from Chemicon. Rabbit anti-LRP1 IgG R2629 was 

prepared as previously described 48. RAP protein (Uniprot entry P30533) was expressed 

in Escherichia coli and purified as described in 31. LRP1 (Uniprot entry Q07954) was 

purified from human placenta as previously described 29. Tissue inhibitor of 

metalloproteinase-1 (TIMP-1) (Uniprot entry P01033), TIMP-2 (Uniprot entry P16035), 

TIMP-3 (Uniprot entry P35625), TIMP-4 (Uniprot entry Q99727) were prepared as 

described previously 49. Recombinant human LRP1 cluster II, III, and IV Fc chimera 

proteins were obtained from Molecular Innovations. 

Cell culture. MMP-9-/- mouse embryonic fibroblasts (MMP-9 KO MEFs) and TIMP-1-/- 

MEFs (TIMP-1 KO MEFs) were kindly gifted by Zena Werb (University of California, 

San Francisco) and used to examine proMMP-9/TIMP-1 uptake in vitro. Mouse 

embryonic fibroblasts (MEFs), MMP-9 KO MEFs, and TIMP-1 KO MEFs were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM, Corning) containing Nutridoma  

(Sigma). Human aortic smooth muscle cells (hAoSMCs) isolated from a healthy male 

donor aged 16-years-old were purchased from Lonza (Cat#: CC-2571; Walkersville, 

Maryland) and cultured in CloneticsTM SmGM-2TM growth medium (Lonza) containing 
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10% fetal bovine serum (FBS; Atlanta Biologicals). Cultured cells were maintained at 

37C, 5% CO2 in a humidified atmosphere. 

MMP activation and complex formation with TIMP-1. ProMMP-1 was dialyzed prior to 

any manipulations into 0.01 M HEPES, 0.15 M NaCl, 1 mM CaCl2, pH 7.4 with four 

exchanges of 250 mL each in D-Tube Dialyzer Mini spin columns with molecular weight 

cut-off of 6-8 kDa (Millipore, Cat# 71504-3). For proMMP-1 activation, MMP-3 was 

activated by incubation with 1.5 mM p-aminophenylmercuric acetate (APMA, Sigma, 

Cat#: A-8514) at 37C for 2 hours which yielded active catalytic domain MMP-3 (MMP-

3cd). Subsequently, proMMP-1 was activated by incubation with a 0.1 molar ratio of 

active MMP-3cd and 1 mM APMA at 37C for 2 hours. MMP-3cd was removed by 

immunoprecipitation with anti-MMP-3 antibody (Chemicon, Cat#: MAB3306) and 

protein G beads (New England BioLabs, Cat#: S1430S) at a concentration of 0.2 ug 

antibody/mg beads. APMA was removed by size exclusion spin columns (Spin-X 

centrifuge tube, 0.45 M pore, Costar, Cat#: CLS8163). To form MMP-1/TIMP-1 

complexes, active MMP-1 was incubated with an equimolar amount of TIMP-1 at 37C 

for 1 hour. 

Purified TIMP-free MMP-9 (75 g) was activated by incubation at 37C for 

various times with either 2 mM APMA or 100 mM MMP-3cd. To form proMMP-

9/TIMP-1 complexes, proMMP-9 was incubated with TIMP-1 at a 2.5:1 ratio by weight. 

Protein Analysis. Receptor blotting was performed as previously described 34 with 

changes denoted below. Briefly, proteins were analyzed by SDS-PAGE using 4-12% 

Tris-glycine gradient gels (Novex) under non-reducing conditions. SDS-PAGE gels were 

then either stained with Coomassie or Colloidal Coomassie protein stain overnight and 
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destained for 2 hours at room temperature or transferred to nitrocellulose membranes. 

Membranes were blocked in 3% nonfat milk and incubated with the monoclonal anti-

LRP1 antibody 8G1 and goat anti-mouse IgG conjugated to HRP and visualized by 

chemiluminescence. 

Fluorescence substrate assay. To measure activity of MMP-1, a quenched fluorogenic 

substrate (DNP-Pro-Cha-Abu-Cys(Me)-His-Ala-Lys(N-Me-Abz)-NH₂, [Cha = -

cyclohexylalanyl; Abu = L--aminobutyryl; Abz = 2-aminobenzoyl], Calbiochem, Cat#: 

444219) was used according to manufacturer protocol. 200 M fluorogenic substrate was 

added to 20 nM of indicated forms of MMP-1, and fluorescence measurements were 

recorded every 20 seconds for 2 hours using an excitation wavelength of 365 nm and 

emission wavelength of 450 nm.  

Surface plasmon resonance. Surface plasmon resonance (SPR) experiments were 

performed as described in Migliorini et al. 31. Briefly, purified LRP1, LRP1 cluster II, 

LRP1 cluster III, or LRP1 cluster IV were immobilized on a CM5 sensor chip (GE 

Healthcare Life Sciences) surface at 9619 response units, 5501 response units, 4407 

response units, 4166 response units, respectively, using a working solution of 20 g/ml of 

each protein. All SPR experiments were performed in triplicate except those for the 

proMMP-9 species and the proMMP-9/TIMP-1 complex, which were performed in 

duplicate. All SPR experiments were performed on a Biacore 3000 instrument (GE 

Healthcare Life Sciences). All ligands were assessed by dilution into HBS-P or HBS-EP 

buffer (GE Healthcare Life Sciences) at a flow rate of 20 l/min at 25C. Regeneration of 

surfaces was achieved by 30 second injections of 100 mM phosphoric acid at a 100 

l/min flow rate. 
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Surface plasmon resonance data analysis. Kinetic data were analyzed by a bivalent 

model using BIAevaluation software as described previously 31. Equilibrium binding data 

was determined by fitting the association rates to a pseudo-first order process to obtain 

Req. Req was then plotted against total ligand concentration and fit to a binding isotherm 

using non-linear regression analysis in GraphPad 8.0 software as described 31. 

Alkylation of proMMP-1 and TIMP-1. Alkylation of proMMP-1 and TIMP-1 were 

performed as previously described in Migliorini, et al. 31. Briefly, primary amines of 

lysine residue side chains on proMMP-1 or TIMP-1 were chemically modified by 50-fold 

excess of Sulfo-NHS-acetate (Thermo-Fisher Scientific) for 3 hours at 4C. Alkylated 

proMMP-1 or TIMP-1 was then desalted. 

Cell-mediated internalization assays. Either proMMP-1, MMP-9, or TIMP-1 were 

labeled with the iodine-125 isotope (125I; Perkin Elmer NEZ-033) using PierceTM 

Iodination Reagent (Thermo Scientific). Iodinated ligands (125I-proMMP-1, 125I-

proMMP-9, 125I-TIMP-1) were desalted using a PD-10 column (GE Healthcare). For 

experiments examining uptake of complexes, either 125I-proMMP-9 or 125I-TIMP-1 were 

incubated with an equimolar amount of TIMP-1 or proMMP-9, respectively, for one hour 

on ice. For experiments with 125I-proMMP-1, hAoSMCs were used in passage 3-6. Cells 

were trypsinized and resuspended in CloneticsTM SmGM-2TM growth medium containing 

10% FBS for hAoSMCs or DMEM containing Nutridoma for MEFs, and seeded at 7.2 x 

104 cells/well for hAoSMCs or 1 x 105 cells for MEFs, in a 12-well tissue culture plate. 

Cultures were maintained overnight for 16-18 hours at 37C, 5% CO2 in a humidified 

atmosphere. The following day, cultures at 60-70% confluency were washed with DPBS 

and incubated in serum-free DMEM, 20 mM HEPES, 1 mM CaCl2, 1.5% bovine serum 
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albumin (BSA; Sigma-Aldrich) (assay media) for one hour at 37C. After one hour, assay 

media was aspirated from each well and cells were incubated with 500 L of assay media 

containing 125I-proMMP-1 (25 nM), 125I-proMMP-9 (5 nM), TIMP-1/125I-proMMP-9 (5 

nM), 125I-TIMP-1 (5 nM), or proMMP-9/125I-TIMP-1 (5 nM) for 0, 1, 3, 6, 12, or 24 

hours at 37C. At each time point, 400 L of assay media from each well was added to a 

microcentrifuge tube containing 100 L of 50% trichloroacetic acid (TCA; Sigma-

Aldrich) to determine degradation of the iodinated ligand. Cells were washed twice with 

DPBS and the wash was carefully aspirated. Cells were then detached from the plate with 

0.05% trypsin, 0.53 mM EDTA (Corning) containing 50 g/mL proteinase K (Thermo 

Scientific), collected from each well and transferred to a microcentrifuge tube, and 

centrifuged at 1,200 rpm for 5 minutes at room temperature. The supernatant was then 

removed from the cell pellet. Internalization and degradation of iodinated ligand was 

determined by radioactivity in the cell pellet and TCA-precipitated assay media, 

respectively. The total number of cells was counted in three separate wells and the 

average cell number was used for normalization. 

Statistical Analysis. All graphs were plotted as the mean  standard error mean (SEM). 

Data was analyzed by one-way ANOVA with a post-hoc Tukey’s test for data groups of 

more than two samples. Significance was recognized as a p-value of less than 0.05. 

 

2.2 LRP1 processing related methods 

Antibodies. The mouse monoclonal anti-myc IgG 9E10 was purified as previously 

described 38. The mouse monoclonal anti-LRP1 IgG 11H4 was prepared as previously 

described and is directed against the C-terminal region of LRP1 50. The rabbit polyclonal 
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anti-RAP IgG Rb80 was prepared as described 20. The human monoclonal anti-furin IgG 

H44 was a generous gift from Iris Lindberg (University of Maryland School of 

Medicine). 

Cells. Wildtype Chinese hamster ovary (CHO WT) and LRP1-deficient CHO 13-5-1 cells 

were maintained in DMEM/Ham’s F-12 with L-glutamine (Corning 10-090) 

supplemented with 10% FBS (Sigma F-4135) 51. PEA-13 cells were maintained in 

DMEM (Corning 10-013) supplemented with 10% FBS 52. Human embryonic kidney 293 

(HEK293) cells were maintained in DMEM supplemented with 10% FBS. 

Plasmids. The mini-receptor 4 (mini4) LRP1 expression construct contained a truncated 

portion of human LRP1 cDNA (amino acids 3293-4535) in the pSecTag B vector as 

described previously 53. Human wild-type RAP cDNA was previously cloned into the 

pGEX-2T vector 54 and sub-cloned into pcDNA3.0 55. Human D1D2 RAP was previously 

subcloned into pcDNA3.0 56 and mutagenized to form stable RAP 57. The human furin 

plasmid was a generous gift from Dr. Iris Lindberg (University of Maryland School of 

Medicine). 

Site-directed mutagenesis. mini4 LRP1 was mutagenized using the GENEART site-

directed mutagenesis system (Thermo Fisher A13282) using the mini4 LRP1 expression 

construct in pSecTag B as a template according to manufacturer instructions. The 

following mutations were mutagenized individually into the plasmid using the following 

primer pairs: 

G3377R (G10129A):  5’-GAGTTCAAGTGCCGGCCCAGACAGTTCCAGTGCTCC-3’ 

   3’-GGAGCACTGGAACTGTCTGGGCCGGCACTTGAACTC-3’ 
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A3487T (G10459A): 5’-GATGGCAGTGATGAGCCCACCAACTGCACCCAGATG-3’ 

5’-CATCTGGGTGCAGTTGGTGGGCTCATCACTGCCATC-3’ 

E3983D (G11949A): 5’-GGCCGAGATGTGATTGATGTGGCGCAGATGAAGGGC-3’ 

  5’-GCCCTTCATCTGCGCCACATCAATCACATCTCGGCC-3’ 

Immunoblot. Cells were plated at 30-40% confluence in 12-well plates in corresponding 

media with 10% FBS and grown overnight. Cells were transfected with the 2.5 ug of the 

corresponding plasmid using the transfection reagent XtremeGENE TM HP (Roche 

XTGHP-RO) at a ratio of 3 ul of reagent per 1 ug of DNA according to manufacturer 

instructions 24 hours after plating. For co-transfections, 1.25 ug of each corresponding 

plasmid was transfected. Treatments were applied to cells 48 hours after transfection. 

Treatment concentrations and treatment times followed the following parameters: 

cycloheximide (100 M; 0, 2, 4, 6, 12, or 24 hrs), lactacystin (20 M; 16 hrs), leupeptin 

(100 M; 16 hrs). At collection, cells were washed three times in Dulbecco’s phosphate -

buffered saline and frozen at -80C. Cells were lysed in modified 

radioimmunoprecipitation (RIPA) buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 1% 

sodium dodecyl sulfate, 1% sodium deoxycholate, pH 7.4) with cOmplete TM, EDTA-free 

Protease Inhibitor Cocktail (Roche COEDTAF-RO) and Phosphatase Inhibitor Cocktail 

Set II (EMD Millipore 524627). In all lactacystin or leupeptin treated samples and in any 

samples used in glycosidase assays, 10 mM N-ethylmaleimide (Sigma E3876) was added 

to the RIPA buffer. Lysates were then treated with 2.5 U of benzonase (Millipore 70746) 

per 100 L. Whole cell lysates were run on Novex TM 4-12% Tris-Glycine 

polyacrylamide SDS-PAGE gels (Thermo Fisher XP04122BOX) with 30 g of protein 

per well as determined by Pierce TM BCA Protein Assay Kit (Thermo Fisher 23227). The 
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gel was transferred by electrophoresis overnight at 4C to a PVDF membrane (Millipore 

Immobilon-FL TM). Total protein was determined with REVERT TM 700 total protein 

stain (LI-COR 926-11011). After destaining the REVERT TM stain, the membrane was 

blocked by incubation in Odyssey Blocking Buffer (LI-COR 927-50000) for 1 hr, then in 

primary antibody (1 g/mL) for 2 hrs at room temperature, and, finally, in either IRDye® 

680RD donkey anti-mouse IgG (LI-COR 925-68072) or IRDye® 800CW donkey anti-

rabbit IgG secondary antibodies (LI-COR 926-32213). Between each incubation, the 

membrane was washed with three 15 min washes in 0.05% Tween-20 in tris-buffered 

saline. All membranes were imaged on a LI-COR Odyssey infrared imaging system. 

Protein abundance was quantified using Image Studio Lite (LI-COR) and normalized to 

REVERT TM total protein stain. 

Glycosidases. Whole cell lysates (40 g) were denatured by boiling in 40 mM DTT, 

0.5% sodium dodecyl sulfate for 10 min. Denatured lysates were then treated with 500 U 

of either endoglycosidase H (Endo H; New England Biolabs P0702) or recombinant 

peptide:N-glycosidase F (PNGase; New England Biolabs P0708) for 37C for 1 hr. 

Results were analyzed by SDS-PAGE gels and immunoblotted as described in the 

immunoblot procedure above. 

 

2.3 Cerebrovasculature related methods 

Animals. This study was approved by the Institutional Animal Care and Use Committee 

at the University of Maryland School of Medicine (Strickland laboratory) and the 

National Institutes of Health (Kozel laboratory). All mice were weaned at 3 weeks old, 

kept on a light cycle with 12 hrs of light and 12 hrs of dark per day, fed a standard rodent 
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chow diet (4% wt/wt fat; Envigo), given unlimited water, and monitored by a 

veterinarian. Mice with deletion of LRP1 in SMCs resulted from crossing mice with Cre 

recombinase driven by the SM22 promoter that is specific to smooth muscle cells to mice 

with the lrp1 gene flanked by loxP sites. The breeding crosses were designed to 

accommodate for sibling matched controls that function as the best controls. The 

resulting genotypes include wild-type mice (lrp1flox/flox, Cre-/-) and smLRP1-deficient 

mice (lrp1flox/flox, Cre+/-; smLRP1-/-) of both genders. For these studies, both female and 

male mice were used to make the cerebrovascular casts but only analysis has been 

performed on female mice. Future analysis is required for analysis of the male cohort. 

Microfil. At 20 weeks of age, WT and smLRP1-/- mice were injected with 500 U heparin 

intraperitoneally five minutes prior to euthanasia by CO2 asphyxiation. The anterior 

descending thoracic aorta was cannulated with PE-10 to allow access to the vasculature. 

Sodium nitroprusside (5 mL of 100 M; Sigma SIG-71778) was injected via the cannula 

and an incision was made in the right atria to allow for blood replacement. Microfil TM a 

radiopaque casting agent (Flow Tech Inc. MV-122) was prepared in diluent (Flow Tech 

Inc. MV-Diluent) at a ratio of 8:1 Microfil TM: diluent for a final volume of 900 L. 

Then, 100 L of curing agent (Flow Tech Inc. MV-Curing Agent) was added to the 

Microfil solution immediately prior to injection. The Microfil solution was injected at 0.1 

mL/min with the aid of a syringe pump. The cast cured for 1 hour prior to dissection of 

the brain. The brain was then fixed in 10% formalin. 

Micro-computed tomography. Fixed brains were scanned on the SkyScan 1172 high-

resolution micro-computed tomography X-ray scanner (Bruker). Brains were placed in a 

the vertically oriented sample holder with the anterior brain facing the ceiling of the 



21 

sample holder. The SkyScan rotated the samples around a vertical axis at 0.3 degrees at 

60 kV with a final pixel size equivalent to 10.9 M. All data sets underwent three-

dimensional reconstruction and anisotropic filtering in 3D.SUITE software (Bruker) prior 

to tree analysis. 

Vascular tree skeletonization. All micro-computed tomography data sets were analyzed 

in Analyze 12.0 software (AnalyzeDirect). The vessels were first segmented to create an 

object map using the region grow function at the origin of the middle cerebral artery 

(MCA) that included pixel intensities between 111 and 256. The object map was then 

skeletonized with the root centered on the origin of the right or left MCA resulting in a 

tree map. The tree map was then trimmed into two trees with the roots centered at the 

origin of the right MCA for the first tree and at the second MCA for the second tree. Each 

tree map was then verified by superimposing the tree map on the object map and adding 

branches that failed to be identified and removing false branches. 

Vascular tree analysis. First, the main branch of the tree was identified on the tree map 

in Analyze 12.0 software. Then, the remaining branches were classified by branch order 

(primary, secondary, tertiary). Primary branches were identified as any branch with an 

origin on the main branch. Secondary branches were identified as any branch with an 

origin on the primary branch. Tertiary branches were identified as any branch with an 

origin on the secondary branch. Once the branch order of each branch was determined, 

the branching pattern was mapped to enable the calculations described in the text. 

Finally, the Analyze 12.0 software feature “Distance to Root” was used to calculate the 

distance between the origin of primary branches. 
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Chapter 3: High-affinity binding of LDL receptor–related protein 1 to 

matrix metalloprotease 1 requires protease:inhibitor complex 

formation1 

 

Abstract 

Matrix metalloprotease (MMP) activation contributes to degradation of the extracellular 

matrix (ECM), resulting in a multitude of pathologies. Low-density lipoprotein receptor–

related protein 1 (LRP1) is a multifaceted endocytic and signaling receptor responsible 

for internalization and lysosomal degradation of diverse proteases, protease inhibitors, 

and lipoproteins along with numerous other proteins. In the current study, we identified 

MMP-1 as a novel LRP1 ligand. Binding studies employing surface plasmon resonance 

revealed that both proMMP-1 and active MMP-1 bind to purified LRP1 with equilibrium 

dissociation constants (KD) of 19 nM and 25 nM, respectively. We observed that human 

aortic smooth muscle cells readily internalize and degrade 125I-labeled proMMP-1 in an 

LRP1-mediated process. Our binding data also revealed that all tissue inhibitors of 

metalloproteases (TIMPs) bind to LRP1 with KD values ranging from 23 nM to 33 nM. 

Interestingly, the MMP-1/TIMP-1 complex bound to LRP1 with 30-fold higher affinity 

(KD = 0.6 nM) than either component alone, revealing that LRP1 prefers the 

protease:inhibitor complex as a ligand. Of note, modification of lysine residues on either 

proMMP-1 or TIMP-1 ablated the ability of the MMP-1/TIMP-1 complex to bind to 

 
1 Arai AL, Migliorini M, Au DT, et al. High-affinity binding of LDL receptor-related protein 1 to matrix 
metalloprotease 1 requires protease:inhibitor complex formation [published online ahead of print, 2020 Jul 

23]. Biochemistry. 2020;10.1021/acs.biochem.0c00442. doi:10.1021/acs.biochem.0c00442 
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LRP1. LRP1’s preferential binding to enzyme:inhibitor complexes was further supported 

by higher binding affinity for proMMP-9/TIMP-1 complexes compared with either of 

these two components alone. LRP1 has four clusters of ligand-binding repeats, and 

MMP-1, TIMP-1, and MMP-1/TIMP-1 complexes bound to cluster III most avidly. Our 

results reveal an important role for LRP1 in controlling ECM homeostasis by regulating 

MMP-1 and MMP-9 levels. 

 

Introduction 

As an essential contributor to tissue homeostasis, the extracellular matrix (ECM) 

constantly undergoes remodeling by ECM-modifying enzymes and proteases. These events 

are complex and are tightly regulated processes that are initiated by environmental cues. 

Dysregulation of ECM remodeling due to an imbalance between matrix production, 

secretion, alteration, and degradation is a crucial part of pathogenesis in various diseases. 

The ECM plays a key role in Alzheimer’s disease and other neurodegenerative diseases 58–

60, fibrotic diseases, and tumor development and metastasis (reviewed in 61,62). Tissue 

fibrosis is the abnormal response to injury or aging and is typically characterized by 

hyperproliferation and excessive ECM synthesis and secretion. Remodeling of the ECM 

usually changes the properties of the matrix and, in the case of aortic aneurysms, 

pathological remodeling of the aortic ECM contributes to disease progression 14–17. ECM 

remodeling is driven by proteolytic degradation mediated by a variety of proteases that 

include members of the matrix metalloprotease (MMP) family, which affect ECM-cell 

interactions to regulate cell proliferation and differentiation 63. We 33 and others 42–44,64–66 

have reported increased abundance of MMP-2, MMP-9, and MT1-MMP in patients with 
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aortic aneurysms and in mouse models of aneurysms, which exhibit a significant disruption 

of prominent members of the ECM of elastic arteries, specifically collagens and elastic 

fibers.  

MMPs are synthesized as proenzymes that require activation. MMP activity is 

regulated by a family of proteins called tissue inhibitors of metalloproteases (TIMPs), 

which form tight non-covalent complexes with target MMPs. The levels of several MMPs, 

including MMP-2 67,68, MMP-9 34,69, MMP-13 70,71, ADAMTS-5 72 and ADAMTS-4 73 are 

regulated by the endocytic receptor, low-density lipoprotein receptor-related protein 1 

(LRP1), which mediates their internalization and delivery to lysosomal compartments 

where they are degraded. In addition, LRP1 has been reported to directly bind several 

TIMP family members, including TIMP-1 74,75 and TIMP-3 76. 

LRP1 is a multifunctional receptor that is involved in receptor-mediated 

endocytosis and various cellular signaling pathways. LRP1 was first recognized as a 

member of the LDL receptor (LDLR) family (reviewed in 18). The receptor localizes to 

lipid rafts and clathrin-coated pits where it undergoes constitutive endocytosis and 

recycling 35,36. Originally, LRP1 was identified as the hepatic receptor responsible for the 

catabolism of alpha-2-macroglobulin (2M)-protease complexes 29,32 and was 

subsequently shown to be  responsible for the hepatic removal of complexes of serine 

proteases and their complementary serpins 30. LRP1 is now known to bind and mediate the 

internalization of numerous ligands and to function in signaling pathways 19,28,77.   

Published data thus far reveal that complexes of proteases and their target inhibitors 

bind much tighter to LRP1 than either component alone. For example, LRP1 directly 

interacts with plasminogen activator inhibitor-1 (PAI-1), a serpin that regulates the activity 
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of two plasminogen activators, urokinase-type plasminogen activator (uPA) and tissue-

type plasminogen activator. The binding affinities of PAI-1 and uPA alone to LRP1 are 

much weaker than that of the uPA:PAI-1 complex to LRP1, which exhibits an approximate 

100-fold increase in affinity for LRP1 31,78–80. Further, native forms of 2M are not 

recognized by LRP1, whereas the 2M-protease complex binds to LRP1 with nanomolar 

(nM) affinity 29.  

To gain insight into the mechanisms by which LRP1 regulates levels of MMPs, 

we initiated studies to investigate the binding of MMPs and their target inhibitors with 

LRP1. Since genetic deletion of LRP1 in vascular smooth muscle cells leads to aneurysm 

formation 33,81, we focused our studies on MMP-9 and MMP-1, both of which have been 

implicated in aneurysm formation 82,83. Our studies identify MMP-1 as a novel LRP1 

ligand and reveal that both MMP-1 and proMMP-9 complexed with TIMP-1 bind much 

tighter to LRP1 than either protease alone. These results reveal that the physiological 

MMP ligands for LRP1 are likely the MMPs in complex with their TIMP inhibitor. 

Results 

3.1 MMP-1 is a novel ligand for LRP1 

MMP-1 is a collagenase with emerging importance since abnormally high levels 

are associated with ECM breakdown and pathogenesis. Although multiple MMP family 

members have been identified as ligands for LRP1, the interaction between MMP-1 and 

LRP1 has not been investigated. Previous studies have demonstrated that the hemopexin 

domain of MMP-9 is recognized by LRP1 69, and since MMP-1 also contains a hemopexin-

like domain, we initiated studies to determine if LRP1 recognizes various forms of MMP-

1. The purity of proMMP-1 was assessed by SDS-PAGE. The results (Fig 1A, inset) reveal  
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Figure 3.1. All forms of MMP-1 bind to LRP1 by known LRP1-mediated mechanisms 

A. MMP-1/TIMP-1 complex formation abolished MMP-1 protease activity as assessed by fluorescent 

substrate assay. Each form of MMP-1 (20 nM) was incubated with 200 M of quenched fluorescent 

substrate. Fluorescence was measured every 20 seconds for 2 hours. All measurements were controlled 

for by background subtraction and then the relative fluorescence intensity was averaged across all 

replicates (n = 3). proMMP-1 (orange), active MMP-1 (blue), and MMP-1/TIMP-1 complex (gray). 

Inset.  SDS PAGE analysis of proMMP-1 under non-reducing conditions. Lane 1, Standards, Lane 2, 

proMMP-1. B. Purified LRP1 was immobilized on a CM5 sensor chip and 75 nM proMMP-1 was 

injected in the absence (blue lines) or presence (orange lines) of 3 mM EDTA. C. RAP (1 M, green) 

was injected (first arrow) on an LRP1-coated CM5 sensor chip (green) followed by either a  co-injection 

(second arrow) of 75 nM proMMP-1 and 1 M RAP (orange), a co-injection of buffer and 1 M RAP 

(gray), or another injection of 1 M RAP (green). These traces were compared to an injection of 75 nM 

proMMP-1 (blue) in the absence of RAP. D-E. Purified LRP1 was immobilized on a CM5 sensor chip 

and active MMP-1 (D) or MMP-1/TIMP-1 complex (E) were injected in the absence (blue lines) or 

presence (orange lines) of 3 mM EDTA. The data shown is a representative experiment from three 

independent experiments that were performed. 
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that proMMP-1 migrates as a doublet which is expected since proMMP-1 is secreted as a 

glycosylated as well as unglycosylated protein 84.  In addition, small amounts of a 25 kDa 

fragment were detected which is generated by cleavage of the hinge region of proMMP1 

85. proMMP-1 was activated by incubation with active MMP-3 and APMA, and then 

complexed with TIMP-1 to form the MMP-1/TIMP-1 complex. Activity assays using a 

quenched fluorescent MMP substrate 86 confirmed activation of MMP-1 and subsequent 

inhibition by TIMP-1 (Fig 3.1A). Further, the data reveal that proMMP-1 was unable to 

cleave this substrate.  

To assess if MMP-1 is capable of binding LRP1, we employed surface plasmon 

resonance (SPR) experiments and injected 75 nM of proMMP-1 over an SPR surface to 

which purified LRP1 was coupled. The results confirmed binding of proMMP-1 to LRP1 

(Fig 3.1C).  We next performed an SPR competition assay in the presence of receptor 

associated protein (RAP). RAP is an endogenous chaperone protein found in the 

endoplasmic reticulum that is responsible for facilitating protein folding of LRP1. RAP 

has a binding affinity for LRP1 in the nanomolar range and it competitively inhibits 

binding of all known LRP1 ligands identified to date 54,87. In this experiment, RAP was 

first injected over the LRP1-coated surface and allowed to bind (Fig 3.1C, RAP, green). 

Then, 75 nM of proMMP-1 complex along with RAP (Fig 3.1C, RAP + MMP-1, orange) 

was co-injected and the results compared to injection of 75 nM proMMP-1 alone (Fig 

3.1C, MMP-1, blue). Blocking available LRP1 binding sites with RAP pre-incubation 

completely abolishes MMP-1 binding, suggesting that the MMP-1 interaction is LRP1-

specific. Together, the data demonstrate that MMP-1 is a novel ligand for LRP1 

interacting with this receptor in a process inhibited by RAP. 
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3.2 All forms of MMP-1 bind to LRP1 

We next conducted experiments to determine if various forms of MMP-1 also bind 

to LRP1. The results of these experiments reveal that, in addition to proMMP-1 (Fig 3.1B), 

both active MMP-1 (Fig 3.1D) and the MMP-1/TIMP-1 complex (Fig 3.1E) also bind to 

LRP1. Importantly, binding of all three forms of MMP-1 to LRP1 was completely inhibited 

when EDTA was added (Fig 3.1C, D, E) to chelate the essential calcium ions that are 

required to stabilize the ligand binding repeats of LRP1 88,89. This result provided further 

support that MMP-1 has specific binding to LRP1. Together, the data reveal that LRP1 

recognizes proMMP-1, active MMP-1, and the MMP-1/TIMP-1 complex. 

3.3 All TIMP family members bind directly to LRP1. 

We next examined the binding of TIMP-1, TIMP-2, TIMP-3, and TIMP-4 to 

LRP1 by measuring equilibrium binding to LRP1 using SPR. The results confirmed that 

all TIMPs bind to LRP1 (Fig 3.2) with binding affinities ranging from 23 nM to 33 nM 

for various TIMPs (Table 1). The KD values we measured for TIMP-1 binding to LRP1 is 

similar to the reported binding affinity for TIMP-1 to cluster II of LRP1 74,75 while the KD 

values we measured for TIMP-3 binding to LRP1 is similar to earlier reports 90. 

 

 

  

Table 1. Equilibrium binding constants for the 
interaction of TIMP-1, TIMP-2, TIMP-3, and TIMP-
4 with LRP1 

Equilibrium binding constants were calculated from 

equilibrium SPR measurements, in which Req was 

determined by fitting the association data to a pseudo-

first-order process. Req was then plotted versus 

concentration and analyzed by non-linear regression 

analysis to determine the KD using GraphPad 8.0 

software. 
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Figure 3.2. All TIMP family members bind to LRP1 with similar binding affinities 

SPR experiments examined binding of TIMP-1 (A), TIMP-2 (B), TIMP-3 (C), or TIMP-4 (D) to full 

length LRP1. Concentrations used were: 0.58, 1.17, 2.34, 4 .68, 9.38, 18.75, 37.5, 75, and 150 nM for 

TIMP-1; 4.68, 9.38, 18.75, 37.5, 75, and 150 nM for TIMP-2; 0.29, 0.58, 1.17, 2.34, 4.68, 9.38, 18.75, 

37.5, 75, and 150 nM for TIMP-3 and TIMP-4. At each concentration, the binding association curves 

were fit to a pseudo-first order process to determine Req.  Req values were then plotted versus 

concentration, and the data fit to a binding isotherm using GraphPad Prism 8.0 software.  To normalize 

the data from different experiments, Req/Rmax was plotted versus liga nd concentrations, and the data 

plotted shows mean  SEM (n=3). 
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3.4 Lysine residues on MMP-1 and TIMP-1 are essential for binding to LRP1 

Since lysine residues have been reported to be critical for the binding of ligands to 

LRP1 31,57,91,92, we initiated experiments to chemically modify these residues on proMMP-

1 and TIMP-1 with Sulfo-NHS-Acetate. Initially, we conducted experiments to assure that 

modified MMP-1 and TIMP-1 retained functional activity. The results (Fig 3.3A) reveal 

that following activation of alkylated MMP-1, the enzyme was still active, and formed a 

complex with TIMP-1 as revealed by loss of enzymatic activity. Further, alkylated TIMP-

1 still retained its ability to inhibit the enzymatic activity of active MMP-1. 

We next assessed the ability of modified proMMP-1 to bind LRP1. The results 

revealed that modification of lysine residues on MMP-1 prevented the binding of this 

molecule to LRP1 (Fig 3.3B). Interestingly, the complex formed by incubation of alkylated 

MMP-1 and unalkylated TIMP-1 (Alk MMP-1/TIMP-1) also failed to bind to LRP1 (Fig 

3.3C). Our studies also revealed that alkylated TIMP-1 failed to bind LRP1 (Fig 3.3D) and 

that the complex of MMP-1/alkylated TIMP-1 also failed to bind LRP1 (Fig 3.3E). These 

results demonstrate that lysine residues on MMP-1 and TIMP-1 contribute to their binding 

to LRP1. In addition, determinants on both MMP-1 and TIMP-1 appear important for 

interaction of the MMP-1/TIMP-1 complex with LRP1. 

3.5 MMP-1/TIMP-1 complexes are the preferred over proMMP-1 and active MMP-

1 for LRP1 binding 

The data presented in Figure 3.3 suggests the involvement of lysine residues on 

MMP-1 in the interaction with LRP1. This is consistent with the canonical model for the 

binding of ligands to LDLR family members in which two (or more) -amino groups of 

specific lysine residues located on the ligand form salt bridges with carboxylates of  
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Figure 3.3. Alkylation of either MMP-1 or TIMP-1 prevents binding of MMP-1/TIMP-1 complexes 
to LRP1 

Lysine residues on proMMP-1 or TIMP-1 were alkylated (Alk MMP-1 or Alk TIMP-1) by incubation 

with a 50-fold molar excess of Sulfo-NHS-acetate at 4C for 2 hours. The alkylated proteins were then 

dialyzed into HBS + 1 mM CaCl2. Alk or unmodified proMMP-1 was then activated and complexed with 

either unmodified TIMP-1 or Alk TIMP-1. The experiment was repeated 3 times. (A) Activity for each 

MMP-1 species or complex was determined by fluorescent substrate assay using either 20 nM of 

unmodified or 40 nM of alkylated species or complex. For each replicate , background hydrolysis of the 

substrate was subtracted and the rate determined from the slope of the linear regression of the data. (B-

E) LRP1 was immobilized on a CM5 chip and 75 nM of unmodified (blue) or 100 nM alkylated (orange) 

MMP-1 or TIMP-1 species or complex were injected over the chip. The data shown is a representative 

experiment from three independent experiments that were performed. 
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aspartate residues within the LDLR class a (LDLa) repeats 23. These observations raise 

the possibility that binding of MMP-1 to LRP1 would adhere to a bivalent kinetic model 

in which high-affinity binding results from avidity effects mediated by the interaction of 

two separate regions on MMP-1, each containing charged residues, with two LDLa 

repeats on LRP1 (Fig 3.4A). Similar models have been proposed for the binding of FVIII 

92 and PAI-1 31 to LRP1. To test this model, we performed kinetic measurements 

examining the binding of proMMP-1 (Fig 3.4B), active MMP-1 (Fig 3.4C) and the 

MMP-1/TIMP-1 complex (Fig 3.4D) to LRP1 using SPR experiments. The results 

revealed that the experimental data are well described by a bivalent binding model. 

The kinetic data derived from the best fit of the experimental data to the bivalent 

model (Table 2) reveal that all forms of MMP-1 bind with high affinity under 30 nM. 

Interestingly, MMP-1/TIMP-1 complexes bind to LRP1 with approximately 30-fold 

increased affinity (KD = 0.6  0.2 nM) over that of proMMP-1 (KD = 19  1 nM) or  

active MMP-1 (KD = 25  2 nM). Inspection of the kinetic constants reveal that the initial 

association (ka1) is similar for proMMP-1, active MMP-1, and the MMP-1/TIMP-1 

complex. The higher affinity of MMP-1/TIMP-1 complex for LRP1 primarily results 

  

Table 2. Kinetic and equilibrium constants for the binding of MMP-1, MMP-9, MMP-1/TIMP-1 

and MMP-9/TIMP-1 complexes to LRP1 

Kinetic constants were obtained by fitting the data to a bivalent model (Fig 3.4A). Three independent 

experiments were performed, and the values shown are the average  SEM. 
b
The equilibrium binding 

constant K
A
 was calculated using the following equation: K

A
 = (k

a1
/k

d1
)*(1 + (k

a2
/k

d2
))  and K

D
 was 

calculated as: K
D
= 1/K

A
 

 

Ligand ka1 (M-1s-1) kd1 (s-1) ka2 (s-1) kd2 (s-1) bKD (nM) 

ProMMP-1 9.9 ± 2.0 X 104 1.4 ± 0.5 X 10-1 2.0 ± 0.2 X 10-1 3.2 ± 0.7 X 10-3 19 ± 1 

Active MMP-1 1.0 ± 0.1 X 105 1.7 ± 0.4 X 10-2 8.4 ± 0.9 X 10-3 1.5 ± 0.2 X 10-3 25 ± 4 

MMP-1/TIMP-1 complex 9.3 ± 0.5 X 104 2.6 ± 0.1 X 10-2 1.2 ± 0.1 X 10-2 2.7 ± 1.5 X 10-5 0.6 ± 0.4 

ProMMP-9 2.1 ± 0.3 X 105 1.1 ± 0.2 X 10-1 1.1 ± 0.1 X 10-2 2.6 ± 0.1 X 10-3 95 ± 2 

ProMMP-9/TIMP-1 complex 2.0 ± 0.3 X 105 4.2 ± 0.9 X 10-2 6.8 ± 1.0 X 10-3 8.6 ± 1.1 X 10-4 23 ± 1 
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Figure 3.4. Binding of all forms of MMP-1 to LRP1 is well described by a bivalent binding model 

A. Schematic of the bivalent binding model used to fit the data. In this model, the MMP-1 ligand contains 

two regions (a-b) that interact with two LDLa ligand binding repeats on LRP1 (AB). The first region on 

MMP-1 (a) docks into an LDLa repeat (A) to form the initial complex. Then, the second region on MMP-

1 (b) docks into the remaining LDLa repeat (B) to form the bivalent complex. B. Increasing 

concentrations (4.7, 9.4, 18.7, 37.5, 75, and 150 nM) of proMMP-1 were injected over the LRP1-coated 

surface. C. Increasing concentrations (4.7, 9.4, 18.7, 37.5, 75, and 150 nM) of active MMP-1 were 

injected over the LRP1-coated surface. D. Increasing concentrations (2.3, 4.7, 9.4, 18.7, 37.5, 75, and 

150 nM) of MMP-1/TIMP-1 complex were injected over the LRP1-coated surface. Fits of the 

experimental data (black lines) to a bivalent binding model are shown as blue lines. The data shown is a 

representative experiment from three independent experiments that were performed. 
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from approximately 100-fold slower dissociation rate (kd2) from complex II (Fig 3.4A, 

Table 2). 

3.6 LRP1 expressed in human aortic smooth muscle cells mediates the endocytosis of 

proMMP-1 

Significant increases in activity of various MMPs have been implicated in the 

pathogenesis of aortic aneurysms and thus it is essential to define mechanisms regulating 

MMP activity that maintain vascular homeostasis. To determine if LRP1 mediates the 

endocytosis of MMP-1, we examined the cellular uptake of 125I-labeled proMMP-1 (125I-

proMMP-1) by human aortic smooth muscle cells (hAoSMCs). To confirm the 

contribution of LRP1 to this process we also measured the uptake in the presence of 

 

Figure 3.5 proMMP-1 is internalized and degraded in an LRP1-dependent manner 

hAoSMCs were plated at 7.2 x 10⁴ cells per well in a 12-well plate and were incubated with 125I-labeled 

proMMP-1 (25 nM) for 24 hours at 37C in the absence or presence of RAP (2.5 M) or the LRP1-

specific polyclonal antibody R2629 (300 mg/mL). Following incubation, the amount of proMMP-1 

internalized (A) degraded (B) or located on the cell surface (C) was measured. All data are plotted as 

mean  SEM (n=3). Statistical significance was determined by one-way ANOVA with post-hoc Tukey’s 

test (*p<0.05, **p<0.01, ***p<0.0001). 
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excess RAP and an anti-LRP1 IgG. The results reveal that treatment with either RAP or 

anti-LRP1 IgG significantly inhibit the cellular internalization (Fig 3.5A) and degradation 

(Fig 3.5B) of 125I-proMMP-1. These results confirm that LRP1 functions as an endocytic 

receptor for MMP-1 at the cellular level. Interestingly, incubation of cells with anti-LRP1 

IgG to block LRP1 function results in a slight increase in proMMP-1 on the cell surface 

(Fig 3.5C). These results are similar to what we have observed for the LRP1-mediated 

VLDL uptake induced by lipoprotein lipase which is sequestered on the cell surface by 

association with cell surface proteoglycans 93. 

3.7 MMP-1 and TIMP-1 preferentially bind to cluster III in LRP1  

Virtually all LRP1 ligands bind to clusters of LDLa repeats, termed clusters I, II, 

III and IV. Of these four clusters, most ligands prefer either cluster II or IV 94. We next 

examined the ability of MMP-1 and TIMP-1 to bind to clusters II, III, and IV 

immobilized on the SPR chip. The data reveal that proMMP-1 preferentially binds to 

cluster III of LRP1, while its binding to cluster II and cluster IV is 5-fold and 10-fold 

weaker, respectively (Fig 3.6A, Table 3). Likewise, TIMP-1 prefers cluster III, while its 

binding to cluster II and cluster IV is 3-fold and 10-fold weaker, respectively (Fig 3.6B, 

 

Table 3. Equilibrium binding constants for the interaction of proMMP-1 and TIMP-1 with LRP1 

clusters 
Equilibrium binding constants were calculated from equilibrium SPR measurements, in which Req was 
determined by the fitting the association data to a pseudo-first-order process. Req was then plotted 

versus concentration and analyzed by non-linear regression analysis to determine the K
D
 using 

GraphPad 8.0 software. 



36 

  

Figure 3.6. Both proMMP-1 and TIMP-1 bind with greatest affinity to Cluster III binding region 

of LRP1 

Recombinant LRP1 fragments of either Cluster II, III, or IV were immobilized to three individual flow 

cells of a CM5 sensor chip using an amine-reactive coupling process. SPR experiments tested binding 

of proMMP-1 (A) or TIMP-1 (B) to Cluster II (orange), III (blue), and IV (gray) with increasing 

concentrations of ligand (proMMP-1: 0.29, 0.58, 1.17, 2.34, 4.68, 9.38, 18.75, 37.5, 75, and 150 nM; 

TIMP-1: 0.58, 1.17, 2.34, 4.68, 9.38, 18.75, 37.5, 75, 150, and 300 nM). At each concentration, the 

binding association curves were fit to a pseudo-first order process. Req was estimated as the maximum 

number of response units at equilibrium for each concentration. Shown are the plots of Req versus ligand 

concentration. Data is plotted as mean  SEM (n=3). The data were normalized to the amount of cluster 

coated on the CM5 sensor chip. GraphPad Prism 8.0 software was used to fit the data to the specific 

binding non-linear regression model to determine the KD of each ligand for each cluster. All calculated 

KD values are reported in Table 3. 
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Table 3). The apparent preference of TIMP-1 and MMP-1 in binding to cluster III of 

LRP1 is interesting in light of the findings that TIMP-3 preferentially binds to cluster II 

of LRP1 90, while proMMP-13 binds equally well to cluster II and III of LRP1 and only 

weakly to cluster IV 71. 

We also examined the binding of MMP-1/TIMP-1 complexes to LRP1 ligand 

binding cluster and the results are summarized in Table 4. The data confirm a 

preferenceof the MMP-1/TIMP-1 complex for Cluster III, and reveal that MMP-1/TIMP-

1 complexes do not bind as tightly to the clusters as to the intact LRP1 molecule. These 

data suggest that MMP-1/TIMP-1 complexes may also interact with regions of LRP1 that 

are outside of the specific cluster used in the experiment. Similar results have been noted 

for the interaction of low molecular weight uPA:PAI-1 complexes with LRP1 clusters. 

3.8 LRP1 also shows a preference for the proMMP-9/TIMP-1 complex 

Given the enhanced binding affinity for LRP1 that we observed for MMP-1 in 

complex with TIMP-1 when compared to either component alone, we decided to 

investigate other MMP family members that are known ligands for LRP1, in particular,  

 

MMP-9. In the experiments shown in Figure 3.7, proMMP-9 was activated either with 

MMP-3 or autocatalytically by treatment with a mercurial compound, APMA. We then 

employed a receptor blotting procedure which was successful in our initial  

 

LRP1 cluster ka1 (M-1s-1) kd1 (s-1) ka2 (s-1) kd2 (s-1) bKD (nM) 

Custer II 1.2 ± 0.1 X 105 7.7 ± 0.1 X 10-2 2.0 ± 0.1 X 10-2 8.5 ± 0.9 X 10-4 27 ± 2 

Cluster III 2.0 ± 0.1 X 105 7.9 ± 0.2 X 10-2 1.9 ± 0.1 X 10-2 6.2 ± 0.4 X 10-4 12 ± 1 

Cluster IV 9.9 ± 1.3 X 104 6.4 ± 0.3 X 10-2 2.0 ± 0.1 X 10-2 1.0 ± 0.1 X 10-3 32 ± 5 

Table 4. Kinetic and equilibrium constants for the binding of MMP-1/TIMP-1 complexes to 
LRP1 ligand binding clusters 

Kinetic constants were obtained by fitting the data to a bivalent model (Fig 3.4A). Three independent 

experiments were performed, and the values shown are the average  SEM. bThe equilibrium binding 

constant KA was calculated using the following equation: KA = (ka1/kd1)*(1 + (ka2/kd2))  and KD was 

calculated as: KD= 1/KA 
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Figure 3.7. Binding of LRP1 to MMP-9 requires an intact C-terminal hemopexin-like domain 

A. Domain structure of MMP-9 with schematic representation of intact 92 kDa proMMP-9 and predicted 

fragment sizes by activation with MMP-3cd and APMA indicated. Purified TIMP-free MMP-9 (75 g) 

was treated with either the MMP-3cd at 100 M (B) or 2 mM APMA (C) for the indicated times. At each 

time point, 15 g was removed for analysis by Coomassie protein staining or receptor blotting as 

indicated. Receptor binding was detected using monoclonal anti-LRP1 IgG 8G1 and goat anti-mouse IgG 

conjugated to HRP and visualized using chemiluminescence. MMP-9 is a  92 kDa zymogen. In the 

presence of either MMP-3cd or APMA, N-terminal cleavage of MMP-9 occurs yielding 86 and 82 kDa 

enzyme species (bracket). In the presence of APMA, the 82 kDa species undergoes C-terminal processing 

yielding a 68 kDa enzyme species (*). 
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characterization of the binding of MMP-9 to LRP1 34. The domain organization of MMP-

9 is shown in Figure 3.7A. To visualize the cleavage of MMP-9 over time, the protease 

was treated with either MMP-3 catalytic domain (MMP-3cd) (Fig 3.7B) or APMA (Fig 

3.7C) for the varying times and subjected to SDS-PAGE and Coomassie blue staining. 

Since activation of proMMP-9 by APMA results in a C-terminal cleavage event that does 

not occur by activation with MMP-3, we could further localize the binding site of LRP1 

to MMP-9. When the cleavage products were analyzed by receptor blotting, we showed 

that all the amino terminally truncated species were able to bind to LRP1. The only 

cleavage product of MMP-9 that LRP1 does not bind to is the approximately 70 kDa 

MMP-9 species from which the C-terminus is removed (Fig 3.7, *). This is consistent 

with data revealing that the LRP1 binding site in MMP-9 is located within the C-terminal 

hemopexin domain 69. 

 To assess the effect of TIMP-1 on the binding of proMMP-9 to LRP1, we 

performed SPR experiments. Quantification of the interaction with proMMP-9/TIMP-1 

complexes with LRP1 is especially important because proMMP-9 is often associated 

directly with its inhibitor, TIMP-1 95,96. We found that the binding data for both 

proMMP-9 and proMMP-9/TIMP-1 complexes to LRP1 fit well to a bivalent binding 

model as observed for MMP-1 (Fig 3.8). The kinetic parameters determined by fitting to 

a bivalent model are summarized in Table 2. These data revealed that LRP1 bound to 

MMP-9/TIMP-1 complexes (KD = 23  1 nM) with a 4-fold greater affinity than for 

proMMP-9 alone (KD = 95  1 nM) but with a similar binding affinity as that of TIMP-1 

(Table 1, KD = 24  3 nM). Thus, in the case of proMMP-9, complex formation with 

TIMP-1 increases the binding affinity of proMMP-9 to LRP1 but not more than that of  
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Figure 3.8. proMMP-9/TIMP-1 complexes bind with greater affinity to LRP1 than proMMP-9 

alone 

Full length LRP1 was immobilized on a CM5 sensor chip using an amine-reactive coupling process. (A) 

proMMP-9 was injected over the chip in increasing concentrations of ligand (11.1, 33.3, 100, and 300 

nM). (B) proMMP-9/TIMP-1 complexes were injected over the chip in increasing concentrations of 

ligand (3.7, 11.1, 33.3, 100, and 300 nM). Fits of the experimental data (black lines) to a bivalent binding 

model are shown as blue lines. The data shown is a representative experiment from two independent 

experiments that were performed. 
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TIMP-1, suggesting the binding epitope may be localized to TIMP-1 in the proMMP-

9/TIMP-1 complex. 

3.9 LRP1-mediated catabolism of both proMMP-9 and TIMP-1 are enhanced by 

complex formation 

Since TIMP-1 increases the affinity of proMMP-9 for LRP1, experiments were 

performed to investigate LRP1-mediated internalization of free proMMP-9 and free  

TIMP-1, or either of these proteins in a complex. For these experiments, mouse 

embryonic fibroblasts (MEFs) were used in internalization experiments along with MEFs 

from TIMP-1 and MMP-9 knockout (KO) mice to compare the time course of 

internalization and degradation for the individual proteins versus the proMMP-9/TIMP-1 

complex. The results confirm that both free proMMP-9 and free TIMP-1 were 

internalized and degraded by MEFs (Fig 3.9). However, when 125I-labeled proMMP-9 in 

complex with TIMP-1 was examined, a significant increase in both internalization and 

degradation were observed, compared to either proMMP-9 or TIMP-1 alone (Fig 3.9A). 

To ensure that proMMP-9 internalization was not due to endogenously produced TIMP-

1, the experiments were repeated in TIMP-1 KO fibroblasts (Fig 3.9B) which confirm 

that complexes of proMMP-9 with TIMP-1 are more efficiently internalized. These 

experiments were also performed in MEFs (Fig 3.9C) and MMP-9 KO fibroblasts (Fig 

3.9D) using 125I-labeled TIMP-1 which confirm that complexes of proMMP-9 with 

TIMP-1 are more effectively internalized by LRP1 independent of endogenously 

produced MMP-9. These data support our SPR data revealing that high affinity binding 

of proMMP-9 to LRP1 requires complex formation with TIMP-1 in a system with 

biological relevance. 
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Figure 3.9. proMMP-9/TIMP-1 complexes 

are internalized more effectively than 
proMMP-9 or TIMP-1 alone 

Cells were plated at 1 x 105 cells/well in a 

12-well plate. A, B. 5 nM of 125I-labeled 

proMMP-9 (blue circles) or 125I-labeled 

proMMP-9/TIMP-1 (orange triangles) were 

incubated with mouse embryonic fibroblasts 

(MEFs) (A) or TIMP-1 KO MEFs (B) in the 

presence or absence of 1 M RAP for 

indicated times and the amount internalized 

(left panel) or degraded (right panel) 

determined (n=2). C, D. 5 nM of 125I-

labeled TIMP-1 (blue circles) or proMMP-

9/125I-labeled TIMP-1 complex (orange 

triangles) were incubated with MEFs (C) or 

MMP-9 KO MEFs (D) in the presence or 

absence of 1 M RAP for indicated times 

and the amount internalized (left panel) or 

degraded (right panel) determined (n=3). The 

data shown represent the RAP inhibitable 

fraction of internalized or degraded protein. 
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Discussion 

 In the current investigation, we identified MMP-1 as a novel ligand for LRP1 that 

is internalized and degraded by cells in a process inhibited by anti-LRP1 IgG and RAP. 

The activity of MMPs are regulated by their TIMP inhibitors, and while proMMP-1, 

active MMP-1 and TIMP-1 bind to LRP1 with KD values of 19 nM, 25 nM, and 23 nM, 

respectively, our data reveal that the MMP-1/TIMP-1 complex binds with approximately 

30-fold higher affinity to LRP1 (KD = 0.6 nM) than either component alone. This 

indicates that the physiological form of MMP-1 recognized by LRP1 for clearance is 

most likely the MMP-1/TIMP-1 complex. We extended these studies to investigate 

proMMP-9 and the proMMP-9/TIMP-1 complex and also noted an increased affinity of 

the complex for LRP1. The importance of this finding to regulation of MMPs in the 

extracellular environment was further demonstrated by cell uptake experiments where 

proMMP-9/TIMP-1 complexes are internalized more efficiently by LRP1 in vitro than 

proMMP-9 or TIMP-1 alone. Together, the data suggest that regulation of MMP-1 and 

proMMP-9 in the extracellular environment likely requires complex formation with 

inhibitors as the preferred ligands for LRP1. The identification of MMP-1 as a novel 

LRP1 ligand and the concept that TIMPs regulate LRP1-mediated clearance is in 

excellent agreement with the recent studies by Carreca et al. 97 whose data confirms that 

LRP1 binds MMP-1 with a 7-fold increased affinity after forming a complex with TIMP-

3 complex (KD = 5 nM).  

The data accumulated thus far identify that LRP1 is a critical regulator of protease 

activity with the preferred (i.e. high affinity) ligands represented as protease:inhibitor 

complexes. LRP1 was originally identified as the hepatic receptor for complexes of 
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proteases with 2M 29,32,98. Further, studies confirmed that LRP1 functions as a hepatic 

receptor for protease:serpin complexes 30,99. Data from the current study and from the 

work of Carreca et al. 97 and Emonard et al. 68 confirm that MMPs are no exception.  

A question that arises from these studies is how complex formation of MMP-1 

with TIMP-1 enhances binding of the complex to LRP1. A canonical model of ligand 

binding to LDL receptor family members has emerged from the structural studies 

examining the third domain of RAP, which recognized that K256 and K270 on RAP are 

essential for the binding of this molecule to LRP1 26. A crystal structure of the third 

domain of RAP in complex with two LDLa repeats f rom the LDL receptor determined 

that the -amino groups of K256 and K270 on RAP form salt-bridges with carboxylates 

of aspartate residues that form acidic pockets within the LDLa repeats on the receptor 23. 

These studies suggest that contacts of multiple lysine residues contribute to avidity 

effects that represents a general binding model for ligand association to this class of 

receptors.  

The current studies reveal that lysine residues on MMP-1 and TIMP-1 are critical 

for the interaction of these proteins with LRP1. The involvement of critical lysines on 

TIMP-3 has been previously demonstrated by mutagenesis experiments 100. We propose 

that the enhanced affinity of the complex for LRP1 results from additional contact sites in 

TIMP-1 for the following reasons: i) TIMP-1 is recognized by LRP1, ii) both TIMP-1 

and MMP-1 are preferentially recognized by cluster III of LRP1, and iii) modification of 

lysine residues on either TIMP-1 or MMP-1 prevents the complex from binding to LRP1. 

Identification of specific lysine residues on MMP-1 and TIMP-1 that are involved in 

interacting with LRP1 represent important future work. Our binding studies to the LRP1 



45 

clusters reveal that while the MMP-1/TIMP-1 complex still has a preference for Cluster 

III, the complex does bind to Cluster II, III, and Cluster IV with higher affinity than 

either component alone. In addition, the data reveal that the MMP-1/TIMP-1 complex 

binds weaker to Cluster III (KD=12 nM) than to the full-length molecule (KD=0.6 nM) 

suggesting that other regions of LRP1 might also be involved in the interaction with the 

complex. Further, defining the exact molecular mechanism resulting in higher affinity of 

MMP-1/TIMP-1 complex for LRP1 than either ligand alone will require additional 

structural studies.  

 Our work identifies a potential critical regulation pathway for MMP-1 activity, an 

MMP that degrades collagen and is commonly upregulated in states of disease and injury. 

MMP-1 is only detectable at very low levels in plasma and in tissue in healthy 

individuals, but is upregulated in inflammation or disease (for review see 101). While 

MMP-1 has a crucial role in regulating tissue homeostasis in transient conditions, 

unregulated or excessive MMP-1 activity can cause extensive tissue damage that can 

promote disease conditions and pathologies highly associated with abnormal ECM 

breakdown. MMP-1 is known to digest native fibrillar collagens type Ⅰ, II, and Ⅲ and 

abnormally high levels of heart-specific MMP-1 expression result in collagen loss and 

diminished contractility that leads to cardiomyopathy 102. Upregulation of MMP-2 and 

MMP-9 has been identified as a key event occurring during aneurysm growth 82,103. More 

recently, MMP-1 has been implicated as an associating factor for the often fatal outcomes 

of aneurysms including dissections and ruptures 86,103. MMP-1 has been shown to be 

highly expressed in a variety of cancers 104,105, and it is well known that ECM breakdown 

can promote tumor progression. Tumors with high expression of protease inhibitors 
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correlate with good prognosis, whereas those with high MMPs correlate with poor 

prognosis and increased risk of recurrence 106.  

The novel role for LRP1 in regulating MMP-1 activity underlines the important 

role of LRP1 in regulating ECM remodeling by regulating the activities of protease and 

protease:inhibitor complexes. Increased understanding of how LRP1 regulates ECM 

remodeling and affects disease progression will contribute to the development of new 

therapeutics. 
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Chapter 4: Genetic variants of low-density lipoprotein receptor-related 

protein 1 cause biochemical defects in trafficking and processing 

 

Introduction 

Abdominal aortic aneurysms (AAA) are dilatations of the aorta that are 

susceptible to life-threatening rupture and dissection. AAAs afflict a significant 

proportion of the population over the age of 65 with a 1% prevalence rate. Sadly, AAAs 

develop silently and are often asymptomatic until progression to rupture or dissection, 

which require emergent attention and are often fatal. Screening currently targets males 

over the age of 65 who either smoke or have a first degree relative with AAAs simply 

based on the most significant risk factors identified in epidemiological studies 107. To 

date, the field has been unable to identify any single gene as causative for AAA 

formation despite strong evidence of the heritable nature of the disease. 

 One potential gene candidate that has shown a relationship to AAA formation is 

LRP1, which encodes an endocytic and signaling receptor of the LDL receptor (LDLR) 

family 108. LRP1 has been demonstrated to have a role in protection and maintenance of 

the vasculature, including the abdominal aorta. The role of LRP1 in protection of the 

vasculature was first observed in the mouse model of atherosclerosis that feeds LDLR -/- 

mice a Western, high-fat diet 109. LRP1 in smooth muscle cells 109–111 and macrophages 

112–114 protected these mice from atherosclerotic plaque development. To examine the 

independent role of LRP1 in the vasculature, the tissue-specific knockout of LRP1 in 

smooth muscle cells in mice (smLRP1-/- mice) were studied in isolation 33. Loss of LRP1 

in smooth muscle cells resulted in two hallmarks of aneurysm formation: (1) thickening 
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of the tunica media and (2) nicks and breaks of the elastic layers revealing that LRP1 has 

protective effects against aneurysm formation in mice. More importantly, smLRP1-/- mice 

developed aneurysms throughout all regions of the aorta and all vascular beds studied to 

date 115. Additionally, the phenotype is 100% penetrant by 4 months of age 116. These two 

features are unique to mouse models of aneurysm and indicate that LRP1 is critical for 

vessel wall homeostasis in multiple vascular beds that are not limited to the aorta. 

LRP1 has the incredible capability to mediate high affinity binding interactions 

with over 100 structurally unrelated ligands with intricate specificity 28. LRP1 is arranged 

into four clusters of LDLa repeats (also known as complement repeats or ligand binding 

repeats) 108. Each LDLa repeat contains an acidic binding pocket that allow for specific 

docking of lysine residues 23–26. For this study, we examined the impact on LRP1 

function mediated by LRP1 mutations associated with aortic aneurysm formation that 

localized to two specific LRP1 domains. The first region chosen for investigation was the 

cluster where the majority of LRP1 ligands bind: cluster IV. The second LRP1 region of 

interest is the beta-propeller domain located with closest proximity to the transmembrane 

region that undergoes furin cleavage during LRP1 processing. 

We analyzed a total of three mutations occurring in highly conserved residues of 

LRP1. The first mutation, A3487T, was identified by the Dietz lab (Hal Dietz, III from 

Johns Hopkins University in Baltimore, MD) in the cluster IV binding region and is a de 

novo mutation that occurs in a young patient with an unusually accelerated and severe 

presentation 47. The next two mutations were identified by the Milewicz lab (Dianna 

Milewicz from University of Texas Health Science Center in Houston, TX) as inherited 

mutations in afflicted individuals within two separate families with a history of aortic 
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aneurysm formation. One of these mutations, G3377R, also occurs in a different LDLa 

repeat of the cluster IV region. The final mutation of interest, E3983D, occurs in the beta-

propeller domain but not within the furin consensus sequence. All three mutations that 

are described are rare mutations that segregate with aortic aneurysms or dissections. 

We hypothesized that these rare LRP1 mutations may impair LRP1 processing, 

which is an LRP1 function essential for maintaining vascular homeostasis. LRP1 LDLa 

repeats and beta-propellers are highly complex structures that require interactions with 

multiple chaperone proteins. Mutations in either region could impede binding association 

of LRP1 with its chaperone proteins or disrupt folding capabilities that could interfere 

with proper LRP1 processing and delivery to the cell surface. Loss of cell surface 

expression of LRP1 would lead to loss of the primary functions of LRP1 as an endocytic 

and signaling receptor and could explain how single point mutations in LRP1 could 

induce a detrimental result on aortic aneurysm formation. 

 

 

Results 

4.1 LRP1 protein turnover is impaired for some LRP1 variants 

The LRP1 mini-receptors are truncated forms of the LRP1 receptor that isolate 

one of the ligand binding clusters and attaches the cluster to a portion of the base of the 

receptor that undergoes processing and contains endocytic and signaling capabilities. We 

employed the use of LRP1 mini-receptors to isolate the impact of the function of the 

cluster IV binding region from the impact of the other three binding clusters.  We used a 

form of the mini-receptor construct that contains the cluster IV binding region and the 
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furin-cleavable beta-propeller domain called the mini4 receptor because the mutations of 

interest occur in these regions (Fig 4.1). The mutations of interests were then introduced 

individually to the mini4 plasmid by site-directed mutagenesis in order to isolate the 

effect of each mutation in comparison to the wild-type mini4 receptor (Fig 4.1). Site-

directed mutagenesis was confirmed by sequencing around the mutation site.  

 To assess the impact of these mutations on LRP1 protein turnover, we used a 

cycloheximide chase assay. Either wild-type or one of the three mutant mini4s were 

transiently transfected into LRP1-deficient Chinese hamster ovary (CHO 13-5-1) cells to 

express the mutant receptor 51. Transfected cells were then treated with 100 μM of the 

protein synthesis inhibitor cycloheximide for a period of up to 24 hours. By collecting 

whole cell lysates at intermediate time points, assessment of LRP1 expression by 

Western blot can determine the rate at which LRP1 is degraded over time. The results of 

this experiment are shown in Fig 4.2A and reveal that the WT single-chain LRP1 (150 

kDa) is more stable than the A3487T mutant, which is best indicated by comparing the 

amount of single-chain LRP1 remaining at the 6-hour time point. Quantitative 

measurements by densitometry indicated that the A3487T mutant receptor (k = 

0.3130.026, p = 0.0054) did indeed have a significantly faster rate of decay than wild -

type mini4 (Fig 4.2B-C, k = 0.2180.020). In addition, the E3983D mutant receptor had 

significantly slower LRP1 turnover (k = 0.1250.013, p = 0.0061) than wild-type mini4. 

Both of these changes in LRP1 turnover are important to consider. Since LRP1 exhibits 

tight regulation of ligands in the extracellular environment, both a decrease or an increase 

in total protein levels of LRP1 could disrupt this tight regulation dramatically. The  
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Figure 4.1. Mini-receptor LRP1 construct was mutagenized to introduce LRP1 variants related 

to aortic aneurysm formation 

Schematic diagram of mini-receptor 4 of LRP1 (mini4, 157 kDa). Mini4 was cloned from 

endogenous human LRP1 from the N-terminal portion of the cluster IV binding region to the C-

terminus. Cluster IV is made up of ligand binding repeats (black circles). The rest of the C-terminal 

region of the protein is composed of EGF-like repeats (oval polygons), a  -propeller domain 

(structure of gray hexagons), the transmembrane (TM) region, the cytoplasmic tail (CT), and a C-

terminal Myc tag. The receptor is processed by furin at the -propeller domain to produce the -chain 

(72 kDa) and -chain (85 kDa). The locations of the mutations of interest from this study are 

displayed (red arrows). The mutations marked with tildes (~) are mutations occurring in patients 

afflicted with aneurysms in families with familial aortic aneurysms. The underlined mutation is a  de 

novo mutation in a 10-year-old patient with severe abdominal aortic aneurysms. 
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Figure 4.2. Mutations in LRP1 affect LRP1 protein turnover in cycloheximide chase assay 

LRP1-deficient Chinese hamster ovary (CHO 13-5-1) cells were transiently transfected with wild-type 

(WT) or mutant LRP1 mini4 receptors. At 48 hours post-transfection, cells were treated with 

cycloheximide (CHX) at 100 μM for 0, 2, 4, 6, 12, or 24 hours. A. Representative immunoblots of non-

reduced whole cell lysates from each CHX treatment time point and for each mutant are shown above 

blotted with the anti-Myc antibody 9E10 that recognizes Myc-tagged single-chain LRP1 (150 kDa), 

Myc-tagged furin-cleaved LRP1 -chain (85 kDa), and endogenous Myc (37 kDa). B. Densitometry of 

single-chain LRP1 was measured from the immunoblots in A. Measurements were plotted as the 

fraction of single-chain LRP1 remaining that was normalized for each mutant to the average of the t=0 

hr time points (n=3, meanSD). Each of the time courses were fit to a first order exponential decay 

based upon the average of all three replicates (constraints: plateau=0) in GraphPad 8.0. C. Each 

replicate was individually fit to a first order exponential decay (constraints: plateau=0) in GraphPad 

8.0. The rates of decay for each of these replicates for each mutant are plotted (n = 3, meanSD). All 

statistics were calculated by one-way ANOVA with post-hoc Tukey mult. comp. (**p<0.01). 
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cycloheximide chase assay demonstrates that two of the mutations resulted in changes in 

LRP1 protein turnover. 

 In this same experiment, we were also able to evaluate the impact of LRP1 

mutations on furin processing of the receptor. We compared the amount of LRP1 in the 

single-chain form (150 kDa) to the amount of LRP1 in the furin-cleaved beta chain form 

(85 kDa) prior to cycloheximide treatment (Fig 4.3A). The G3377R mutant receptor had 

significantly more LRP1 in the single-chain form than the furin-cleaved form (ratio = 

13.152.24, p = 0.0076) compared to wild-type mini4 (Fig 4.3B, ratio = 7.171.36). 

Since the G3377R mutation is located in cluster IV, and distinct from the furin cleavage 

site (located in the -propeller domain), this experiment suggests that the G3377R mutant 

receptor has a deficit processing from the endoplasmic reticulum (ER) to the Golgi, 

where furin cleavage occurs. 

Figure 4.3. Furin processing efficiency impaired in G3377R mutant 

CHO 13-5-1 cells were transiently transfected with WT or mutant LRP1 mini4 receptors. A. 

Representative immunoblots of non-reduced whole cell lysates for each mutant are shown above 

blotted with the anti-Myc antibody 9E10 that recognizes Myc-tagged single-chain LRP1 (150 kDa), 

Myc-tagged furin-cleaved LRP1 -chain (85 kDa), and endogenous Myc (37 kDa). B. Furin 

processing was calculated as the ratio of the densitometry measurement for single-chain LRP1 to that 

for furin-cleaved LRP1 (n=3, meanSD). All statistics were calculated by one-way ANOVA with 

post-hoc Tukey mult. comp. (**p<0.01,*p<0.05). 
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4.2 LRP1 mini-receptors are degraded primarily through a proteosome-mediated 

pathway 

Knowing that LRP1 mutations impacted LRP1 turnover, we next determined how 

LRP1 was being degraded. The two, primary means of protein degradation are the 

proteasomal- or lysosomal-mediated pathways. The proteasome is a cytoplasmic protein 

multimer that is composed of multiple proteases that degrade proteins into small peptides 

to recycle the amino acids for synthesis of new proteins. Proteins are commonly targeted 

to the proteasome when they are misfolded in the endoplasmic reticulum during protein 

folding. Misfolded proteins are tagged by poly-ubiquitination patterns that are recognized 

by the proteasome and degraded as a quality control procedure to ensure that proteins 

exported from the endoplasmic reticulum are correctly folded. The lysosome is the 

organelle in eukaryotic cells which contains hydrolytic enzymes. In contrast to the 

proteolytic degradation, lysosome-mediated degradation commonly occurs when cell 

surface proteins are mono or di-ubiquitinated to mediate endocytosis of the targeted 

receptor. The early endosomes containing ubiquitinated proteins eventually fuse with 

lysosomes where proteases activated by low pH conditions cleave the targeted protein 

into peptides. 

We transiently transfected CHO 13-5-1 cells with mutant mini-receptors and 

treated cells with either lactacystin, a proteasomal inhibitor, or leupeptin, a lysosomal 

protease inhibitor. Lysates were made in the presence protease inhibitors and N-

ethylmaleimide (NEM), a compound that inactivates glycosidases. Original assessment of 

mini-receptor abundance was performed by analysis of mini-receptors by running lysates 

on SDS-PAGE under non-reducing conditions. LRP1 is commonly assessed under non-
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reducing conditions because most LRP1-specific antibodies are conformation dependent. 

Particularly noteworthy was that lactacystin treatment appeared to result in an increase in 

the intensity of high molecular weight products by Western blot in WT and the E3983D 

mutants (Fig 4.4). Quantification of the high molecular weight products is shown in Fig 

4.5, and show a trend toward accumulation of high molecular weight products in 

lactacystin-treated cells for WT and E3983D mutant receptors. However, the data shows 

no significant difference between the WT and mutant receptors degradation rates due to 

large variations in replicates.   

We next ran lysates under reducing conditions and found that after reducing the samples, 

the high molecular weight products were no longer present suggesting that they primarily 

represented accumulation of folding states of LRP1 involving inappropriately formed 

disulfide bonds. In order to assess changes in protein abundance, we measured the levels 

of single-chain LRP1 under reducing conditions (Fig 4.5A). The results reveal that 

lactacystin treatment resulted in accumulation of single-chain forms of LRP1 of WT, 

A3487T and the E3983D mutant mini4 receptors. Interestingly the G3377R mutant did 

not show an increase in single-chain form levels upon lactacystin treatment (Fig 4.5B). In 

contrast, leupeptin treatment had either no effect or resulted in a slight decrease in the 

levels of WT and the G3377R mutant receptor.  These results reveal that the WT and 

some mutant receptors are undergoing retrograde degradation of mature proteins on the 

plasma membrane via the proteosomal mediated pathway as demonstrated in other 

proteins 117,118. 
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Figure 4.4. Mini4 WT and mutant receptors have large abundance of high molecular weight 
products when treated with lactacystin 

CHO 13-5-1 cells were transiently transfected with WT or mutant LRP1 mini4 receptors. At 48 hours 

post-transfection, cells were treated with lactacystin (Lact, 20 μM) or leupeptin (Leup, 100 μM) for 16 

hours.        A. Representative immunoblots of non-reduced whole cell lysates from each treatment 

condition and for each mutant are shown above blotted with the anti-Myc antibody 9E10 that 

recognizes Myc-tagged high molecular weight single-chain LRP1 (>250 kDa). B. High molecular 

weight LRP1 was measured from the immunoblots shown in A by cumulative densitometry of all high 

molecular weight products greater in molecular weight than the indicated arrow (n=3, meanSD). All 

statistics were calculated by one-way ANOVA with post-hoc Tukey mult. comp. (*p<0.05). 
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Figure 4.5. Mini4 receptor LRP1 is degraded through proteasomal-mediated pathway 

CHO 13-5-1 cells were transiently transfected with WT or mutant LRP1 mini4 receptors. At 48 hours 

post-transfection, cells were treated with lactacystin (Lact, 20 μM) or leupeptin (Leup, 100 μM) for 

16 hours. A. Representative immunoblots of whole cell lysates from each treatment condition and for 

each mutant are shown above blotted with the anti-Myc antibody 9E10 that recognizes Myc-tagged 

single-chain LRP1 (150 kDa, reducing conditions), Myc-tagged furin-cleaved LRP1 -chain (85 kDa, 

non-reducing conditions), and endogenous Myc (37 kDa, reducing conditions). B. Densitometry of 

single-chain LRP1 was analyzed from the immunoblots shown in A. Measurements were plotted as 

the amount of single-chain LRP1 normalized for each mutant to the average of the t=0 hr time points 

(n=3, meanSD). C. Densitometry of Myc was analyzed from the immunoblots shown in A. 

Measurements of Myc were normalized to total protein and grouped based upon treatment only (n = 

3, meanSD). All statistics calculated by one-way ANOVA with post-hoc Tukey mult. comp. 

(***p<0.05). 
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4.3 RAP does not facilitate LRP1 mini-receptor expression 

The surprising accumulation of single-chain LRP1 following proteasomal 

inhibition, prompted us to consider whether our transient mini4 receptor transfections had 

overwhelmed the chaperone protein capabilities in the ER. To test this hypothesis, we co-

transfected WT mini4 receptor with equivalent amounts of RAP (Fig. 4.6A). RAP is an 

ER-resident chaperone protein critical for folding of the many LDLa repeats of LRP1. 

RAP co-transfection did not increase the abundance of either single-chain LRP1 or furin-

cleaved forms of LRP1 (Fig. 4.6B-C). We repeated these experiments in three cell types: 

CHO 13-5-1, LRP1-deficient mouse embryonic fibroblasts (MEF), and human embryonic 

kidney cells (HEK293). Interestingly, the changes in LRP1 forms were highly dependent 

on cell type. Abundance of both LRP1 forms stayed relatively similar in CHO 13-5-1 

cells but decreased in both PEA-13 and HEK293 cells (Fig. 4.6B-C). 

There were multiple clear differences in LRP1 production and processing based 

upon cell type. Baseline levels of furin processing were dramatically different between 

cell types. Furin processing was most efficient in CHO 13-5-1 cells and least efficient in 

HEK293 cells (Fig. 4.6D). The efficiency of furin processing is likely impacted by 

transfection efficiency and furin abundance. Transfection efficiency was highest in 

HEK293 cells, which had the highest abundance of single-chain LRP1 and furin-cleaved  

LRP1 (Fig. 4.6B-C). We did not measure furin levels in these experiments but we would 

expect that furin abundance could vary widely among different species and cell types. 

Further, transient transfections result in a large increase in the amount of LRP1, well 

above endogenous amounts of LRP1 expressed in control cells. Thus, transfected LRP1 

could surpass the cleavage capabilities of endogenous furin in these cell types. We will  
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Figure 4.6. Co-transfection of the LRP1 chaperone receptor-associated protein (RAP) does not 
facilitate LRP1 mini-receptor expression 

CHO 13-5-1, LRP1-deficient mouse embryonic fibroblast (PEA-13), and human embryonic kidney 

(HEK293) cells were co-transfected with equivalent amounts of WT RAP and WT LRP1 mini4. Cells 

were collected 48 hours post-transfection. A. Immunoblots of non-reduced whole cell lysates from each 

treatment condition and for each mutant are shown above blotted with the anti-Myc antibody 9E10 that 

recognizes Myc-tagged single-chain LRP1 (150 kDa), Myc-tagged furin-cleaved LRP1 -chain (85 

kDa), and endogenous Myc (37 kDa). The immunoblots were also blotted with the antibody Rab80 that 

recognizes RAP (39 kDa). B,C,E. Densitometry of single-chain LRP1 (B), furin-cleaved LRP1 (C), 

and RAP (E) was analyzed from the immunoblots shown in A. Measurements were plotted as the 

amount of protein normalized to total protein (n=1). D. Furin processing was calculated as the ratio of 

the densitometry measurement for single-chain LRP1 to that for furin-cleaved LRP1 (n=1). F. 

Measurements from E were regrouped by cell type and whether transfected with (transfected) or 

without (endogenous) WT RAP and plotted as the amount of RAP normalized to total protein (n=2, 

meanSD). G. The amount of RAP transfected was calculated as the amount of endogenous RAP 

subtracted from the amount of total RAP in cells transfected with RAP (n=2, mean SD). 
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assess the contribution of furin in the upcoming experiments. In summary, RAP co-

transfection alone did not improve LRP1 expression and processing. 

4.4 Transfection efficiency of cell types commonly used for LRP1 study 

Another potential factor that could impact LRP1 abundance is the abundance of 

RAP. Densitometry analysis of RAP expression levels clearly indicate that RAP co-

transfection increased total RAP protein expression (Fig. 4.6E). One important note is 

that each cell type expresses different amounts of RAP endogenously with CHO 13-5-1 

cells expressing the most RAP (Fig. 4.6F). However, the cell type that has the highest 

RAP expression post-transfection are the HEK293 cells, which have the highest 

transfection efficiency of RAP (i.e. exogenous RAP) (Fig. 4.6G). While RAP did not 

facilitate mini4 receptor expression or processing, these cell specific differences in 

endogenous RAP and transfection efficiency are important information for LRP1 

biologists in the field. All three cell types are commonly used in the literature when 

assessing LRP1 production and function since they are either LRP1-deficient (CHO 13-5-

1 and PEA-13) or have very low levels of LRP1 (HEK293). For assays dependent on 

analyzing mutant LRP1 processing and trafficking, CHO 13-5-1 cells have the highest 

levels of endogenous RAP and the best furin processing efficiency. In contrast, assays 

requiring large amounts of LRP1 could benefit most from a cell type with significant 

LRP1 transfection efficiency. 

4.5 Mini-receptor are trapped prior to the cis Golgi during maturation 

Given the results of our past two experiments, we were concerned that a large 

proportion of mini4 receptors were being misfolded in the ER and targeted for 

proteasomal degradation. Since we are most interested in the trafficking of the LRP1 
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through the secretory system, we used glycosylation events and furin processing to 

discern the cellular location of each form of LRP1. The secretory pathway starts post-

translation in the ER where the proteins are folded and glycosylated. Correctly folded 

proteins are trafficked to the cis Golgi where further glycosylation modifications are 

made. All glycosylation events up to the cis Golgi are considered simple glycosylation 

events. Then, the protein progresses through the other cisternae of the Golgi where the 

carbohydrates added change the glycosylated branches from a branched to a complex 

glycosylation form. Once LRP1 reaches the trans Golgi apparatus, the protein has 

complex glycosylation modifications and then is cleaved by furin to form the final two-

chain form that is finally trafficked to the cell membrane where it exerts its primary 

function. 

We used two glycosidases, peptide-N-glycosidase F (PNGase F) and 

endoglycosidase H (Endo H), to differentiate between glycosylation events in different 

regions of the secretory system. PNGase F is an enzyme that recognizes and cleaves any 

form of glycosylation events from a protein. PNGase F primarily acts as a positive 

control to recognize that the protein has glycosylation events and the reaction has 

occurred properly. In contrast, Endo H is more specific and only recognizes simple 

glycosylation chains. These experiments require comparing the glycosylated protein by 

Western blot before and after treatment with the glycosidases. If the protein contains the 

types of glycosylation events recognized by the enzyme, then the protein will be 

“sensitive” to the glycosidases meaning that the glycosidase will cleave the carbohydrate 

chains from the protein. A glycosidase-sensitive protein will appear on Western blot as a 

molecular weight shift following glycosidase treatment (see white arrows in Fig. 4.7B for  
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Figure 4.7. Cellular trafficking of mini-receptor in CHO 13-5-1 with WT RAP 

CHO 13-5-1 cells were co-transfected with equivalent amounts of WT RAP and WT human (Hu) 

LRP1 mini4. Cells were collected 48 hours post-transfection and lysed in the presence of N-

ethylmaleimide. Whole cell lysates were treated with and without either endoglycosidase H (Endo H) 

or peptide-N-Glycosidase F (PNGase F). A. Immunoblots of glycosidase-treated lysates blotted with 

the anti-Myc antibody 9E10 that recognizes Myc-tagged single-chain (SC) LRP1 (150 kDa) and anti-

LRP1 antibody 11H4 that recognizes furin-cleaved (FC) LRP1 (85 kDa). Glycosidase sensitive (S) 

proteins cause a gel shift with treatment whereas glycosidase resistant (R) proteins have no molecular 

weight shift. As a control, endogenous hamster (Ha) LRP1 in CHO WT cells is Endo H resistant but 

PNGase sensitive. In contrast, single-chain LRP1 human (Hu) mini4 receptors are both Endo H and 

PNGase sensitive, indicating single-chain LRP1 is retained in the ER. Interestingly, the small fraction 

of LRP1 that is furin-cleaved is properly glycosylated in the Golgi and furin-cleaved. B. An inset 

where the contrast is increased for visualization of furin-cleaved (FC) LRP1. White arrows indicate 

the gel shift of furin-cleaved endogenous hamster LRP1 with treatment of PNGase F. Black arrows 

indicate the gel shift of furin-cleaved human LRP1 WT mini4 with treatment of PNGase F. 
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example of protein sensitive to PNGase F). The alternative is a protein “resistant” to 

glycosidases. Glycosidase-resistant proteins cannot be cleaved and remain the same 

molecular weight regardless of glycosidase treatment (for example see 80 kDa band in 

CHO WT lanes treated with and without Endo H). 

We treated lysates from the experiment shown in Fig. 4.7 with and without Endo 

H or PNGase F to monitor the glycosylation status of mini4 receptors and identify the 

cellular location of each form. These results were compared to endogenous LRP1 found 

in wild-type CHO (CHO WT) cells. We detected furin-cleaved full-length hamster LRP1 

in the CHO WT cells. Since furin cleavage occurs in the trans Golgi, we would expect 

that furin-cleaved LRP1 should be expressed on the surface as a protein with complex 

glycosylation patterns. As expected, furin-cleaved endogenous hamster LRP1 (~75 kDa) 

is resistant to Endo H (Fig. 4.7A, , lanes 1 and 2) and sensitive to PNGase F (Fig. 4.7A, 

lanes 7 and 8). The majority of mini4 receptor is in the single-chain form (~150 kDa) and 

is sensitive to both Endo H and PNGase F (Fig. 4.7A, SC), indicating that the single-

chain mini4 only has simple carbohydrate chains. The glycosidase treatment results 

indicate that the single-chain mini4 is trapped in the ER or cis Golgi. Overall, glycosidase 

treatment results confirm our suspicion that the majority of mini4 is trapped in the ER or 

cis Golgi and explain why we previously noted that mini4 was primarily degraded 

through proteasomal degradation pathways. 

At first glance, these results would suggest that mini4 LRP1 receptor constructs do not 

produce functional LRP1. However, upon closer observation of the region around 85 kDa 

where the furin-cleaved LRP1 or beta-chain of LRP1 (Fig. 4.7A, red box), we noticed 

that there is a PNGase F sensitive band (Fig. 4.7B, black arrows). An important note is 
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that the size of the glycosylated band is different because mini4 receptor is derived from 

the human sequence for LRP1 while the endogenous LRP1 comes from a hamster-

derived cell line. This band was resistant to Endo H (Fig. 4.7B, lanes 3 and 4). Therefore, 

there is a small fraction of total mini4 that reaches the trans Golgi for furin cleavage and 

is likely to have reached the cell surface. 

4.6 Furin improves mini4 receptor processing 

The other potential limiting protein critical for LRP1 processing is furin. A proprotein 

convertase, furin, is responsible for cleaving LRP1 in the trans Golgi in a beta-propeller 

domain of LRP1. Cleavage of LRP1 results in two chains of LRP1: -chain (515 kDa) 

and -chain (85 kDa). The chains stay associated non-covalently by the strong 

interactions stabilized by the beta-propeller structure and represent the functional LRP1 

form that is delivered to the cell membrane after the receptor is fully processed. We co-

transfected CHO 13-5-1 cells with mini4 receptor mutants and human furin (hfurin) to 

determine whether furin transfection improved furin processing of LRP1 (Fig. 4.8A). 

There was no significant change in either single-chain or furin-cleaved LRP1 (Fig. 4.8B-

C). Interestingly, the percentage of LRP1 that was furin-processed increased significantly 

for WT mini4 receptors and the other mutant mini4 receptors showed increasing trends 

with furin co-transfection (Fig. 4.8D). The increases in furin-processing correlated with 

increases in total furin even the increases were fairly minimal (Fig. 4.8E). This 

experiment requires significant optimization but suggests that increased furin expression 

can also facilitate LRP1 mini-receptor processing. 
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Figure 4.8. Co-transfection with human furin did not enhance processing of LRP1 mini4 

CHO 13-5-1 cells were co-transfected with equivalent amounts of hFurin and WT or mutant LRP1 

mini4 receptors. Cells were collected 48 hours post-transfection. A. Immunoblots of reduced whole cell 

lysates from each treatment condition and for each mutant are shown above blotted with the anti-Myc 

antibody 9E10 that recognizes Myc-tagged single-chain LRP1 (150 kDa) and Myc-tagged furin-

cleaved LRP1 -chain (85 kDa). Immunoblots were also blotted with the antibody H44 that recognizes 

hFurin (80 kDa). B,C,E. Densitometry of single-chain LRP1 (B), furin-cleaved LRP1 (C), and furin 

(E) were analyzed from the immunoblots shown in A. Measurements were plotted as the amount of 

protein normalized to total protein (n=2, meanSD). D. Percent furin processing was calculated as the 

percent of abundance of both forms of LRP1 that was furin-cleaved (n=2, meanSD). 
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4.7 Stable RAP does not further facilitate LRP1 mini-receptor expression 

Our lab designed a stable form of RAP that does not release LRP1 in the ER upon 

exposure to the low pH change. The stable form of RAP has a stabilized D3 domain that 

does not have a histidine switch capable of responding to pH drops below 6.2 (Prasad, 

2015). Stable RAP has the histidine residues that are capable of recognizing the pH 

change eliminated and an additional disulfide bond stabilizing the D3 domain to prevent 

denaturing of RAP that would lead to release of the protein. We repeated the glycosidase 

experiment but used stable RAP as the chaperone protein instead of WT RAP (Fig. 

4.9A). The results were largely unchanged from the use of WT RAP. The majority of  

mini4 product was in the single-chain form (~150 kDa) and was trapped in the ER as 

evidenced by its sensitivity to both Endo H and PNGase F (Fig. 4.9A). There was a small 

fraction of mini4 that was furin-cleaved (~85 kDa) and was properly glycosylated and 

trafficked to the membrane (Fig. 4.9A, Endo H resistant, Fig. 4.9B, PNGase F sensitive). 

However, stable RAP did reduce the levels of single-chain LRP1 form from a doublet to 

a singlet suggesting that stable RAP is able to refold a portion of LRP1 that is in a 

different conformation (Fig. 4.9A). 

 

Discussion 

 

In our study, we employed the use of LRP1 mini-receptors to isolate the effects of 

the cluster IV binding region and the receptor base. There are four ligand-binding 

clusters, clusters I, II, III, and IV, that correspond to mLRP1, mLRP2, mLRP3, and 

mLRP4, respectively. These mini-receptors were first introduced as a tool to isolate each  
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Figure 4.9. Cellular trafficking of mini-receptor in CHO 13-5-1 in presence of Stable RAP 

A. CHO 13-5-1 cells were co-transfected with equivalent amounts of D1D2 RAP and WT human 

LRP1 mini4. Cells were collected 48 hours post-transfection and lysed in the presence of N-

ethylmaleimide. Whole cell lysates were treated with and without either endoglycosidase H (Endo H) 

or peptide-N-Glycosidase F (PNGase F). A. Immunoblots of glycosidase-treated lysates blotted with 

the anti-Myc antibody 9E10 that recognizes Myc-tagged single-chain (SC) LRP1 (150 kDa) and anti-

LRP1 antibody 11H4 that recognizes furin-cleaved (FC) LRP1 (85 kDa). Glycosidase sensitive (S) 

proteins cause a gel shift with treatment whereas glycosidase resistant (R) proteins have no molecular 

weight shift. In contrast, single-chain LRP1 human mini4 receptors are both Endo H and PNGase 

sensitive, indicating single-chain LRP1 is retained in the ER. Interestingly, the small fraction of LRP1 

that is furin-cleaved (FC) is properly glycosylated in the Golgi and furin-cleaved. B. An inset where 

the contrast is increased for visualization of furin-cleaved (FC) LRP1. Black arrows indicate the furin-

cleaved human LRP1 WT mini4 that is sensitive to PNGase F. 
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cluster’s function and as a tool to overcome the difficulty of transfecting large full-length 

LRP1 (60 kb) plasmid into cells. Unfortunately, our studies indicate that the mini-

receptors have multiple weaknesses that must be carefully assessed in each cell model 

that they are applied to. 

First, cellular trafficking of LRP1 is complex and requires the interaction with 

multiple chaperone proteins for proper folding and trafficking to the cell surface. One of 

the primary chaperone proteins of LRP1 is receptor-associated protein (RAP), which is 

an endogenous form of RAP that was originally isolated with the receptor when LRP1 

was first identified. RAP is an ER-associated chaperone that is responsible for facilitating 

folding of each ligand-binding repeat or complement repeat. In addition, LRP1 contains 

multiple beta-propeller domains composed of six blades of anti-parallel beta sheets. 

Mesoderm D (MesD) is the chaperone protein that is required to fold the beta-propeller 

domains during protein production and requires neighboring EGF repeats to be present to 

enable the folding process 21,119. All of these chaperone proteins must not only be present 

but abundant enough in the cells of interest to ensure proper folding of LRP1. 

While the CHO-K1 cell line has endogenous LRP1 expression and therefore the 

necessary chaperone proteins for proper folding, overexpression of mini-receptors by 

transient transfection often results in protein levels that can easily overwhelm the folding 

capacity of chaperone proteins in the endoplasmic reticulum. The processing and 

trafficking of the LRP1 mini-receptors used in this study has been thoroughly outlined by 

Obermoeller-McCormick and colleagues, previously 120. Following transient 

transfections of LRP1 mini-receptors into LRP1-deficient CHO cells, the majority of the 

mini-receptor population was trapped in an ER-form suggesting misfolding and 
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inappropriate receptor trafficking. Not surprisingly, RAP co-transfection with the mini-

receptors was able to partially overcome the increased folding pressure to result in a 

higher proportion of receptor reaching the fully processed cell-surface form of LRP1. 

Even in stable transfections of mini-receptors into LRP1-deficient CHO cells, the most 

efficient transfection only yielded 54% of the receptor in a post-ER form 120. This study 

highlights that transfected mini-receptors are not guaranteed to be expressed on the cell 

surface. 

Evidence of proper LRP1 processing can be commonly detected by Western blot. 

Like any other protein, LRP1 is first synthesized on ribosomes of the rough endoplasmic 

reticulum as a single-chain. During or following synthesis, LRP1 is then folded by 

interaction with chaperone proteins (i.e. RAP, MesD) and then undergoes a quality 

control check for proper folding. Properly folded LRP1 molecules proceed to the Golgi 

apparatus for glycosylation. In the final compartment of the Golgi, known as the trans 

Golgi, LRP1 is cleaved from a single-chain form to two-chain form. The furin cleavage 

site is located in the beta-propeller domain closest to the transmembrane region but when 

cleaved into two chains, LRP1 stays non-covalently associated, likely due to the strong 

interactions supported by the properly folded beta-propeller domain. This processing 

occurs just prior to trafficking to the cell membrane and is thus, an endogenously built-in 

indicator of proper LRP1 processing. LRP1 processing is most easily detected by 

Western blot, since the two chains of LRP1 dissociate when assessed by SDS-PAGE. The 

light chain or -chain of LRP1 is recognized as an 85 kDa fragment by Western blot. 

These chains can also be detected for mini-receptors to determine the portion of the mini-



70 

receptor population that progressed beyond the trans Golgi in comparison to the portion 

trapped in the ER. 

Unfortunately, LRP1 mini-receptors are not equivalently expressed in the same 

cells. Post-transfection mLRP1, mLRP2, mLRP3, and mLRP4 receptors result in varying 

numbers of cell surface receptors per cell 120. In stable transfection of LRP1 mini-

receptors in LRP1-deficient CHO cells analyzed by flow cytometry for cell surface 

expression, mLRP4 receptors were 2.4 times more abundant as mLRP3 or mLRP2 

receptors and 3.6 times more abundant than mLRP1 receptors. Thus, the mini-receptors 

are not necessarily comparable under the same conditions. Assessment of cell surface 

mini-receptor expression by flow cytometry should be required in any experiment 

intending to draw comparisons between mini-receptors.  

While the majority of mini4 receptor is trapped in the ER and sent to the 

proteasome for degradation, a small portion of LRP1 is fully processed and delivered to 

the cell surface. The results shown here indicate that mini4 and perhaps other mini-

receptors have folding or processing defects that may impair their ability to become 

functional units of LRP1. Thus, caution should be used when using LRP1 mini-receptors 

as a tool or surrogate marker of LRP1 function. For example, the mini4 receptor may not 

have efficient enough processing to study the difference between the mutants that was the 

original intention of this project. However, the mini4 receptor may have adequate 

expression on the cell surface to be functional for cellular internalization assays only 

because the assay is exquisitely sensitive. We also suggest that full-length LRP1 should 

be used instead of LRP1 mini-receptors to compare changes in mutant forms of LRP1. 

Unfortunately, LRP1 has a molecular weight of 600 kDa and is greater than 80,000 base 
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pairs in length. Site-directed mutagenesis methods were incredibly inefficient for 

introducing the mutations of interest but subcloning the region with the mutation into the 

full-length LRP1 cDNA could yield more promising results. Most of these experiments 

will need to be repeated with full-length LRP1 to appropriately assess LRP1 function. 
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Chapter 5: Smooth muscle cell knockout of LRP1 in mice does not 

change the cerebrovascular branching pattern 

 

Introduction 

 Proper development of the circulatory system requires a balance between 

vasculogenesis and angiogenesis. The term vasculogenesis encompasses the process of 

generalized vessel formation during development and primarily consists of progenitor 

cell differentiation into endothelial cells 1. Differentiated endothelial cells form the 

primary vessel and then grow circumferentially with time 1. Angiogenesis is then 

responsible for initiating vessel branching and capillary bed through formation of 

angiogenic sprouts 1. Both processes require interaction of endothelial cells with mural 

cells, either vascular smooth muscle cells (vSMCs) or pericytes 2. 

 One responsibility of mural cells in vascular development is to provide structural 

integrity to the newly formed vessels. Mural cells are recruited to the premature vessels 

with the recruited cell type dictating the final vessel type. Vascular smooth muscle cells 

surround large caliber vessels, primarily large and medium-sized arteries 2. In contrast, 

pericytes associate with arterioles, capillaries, and small venules and intercalate between 

endothelial cells 2. 

Mural cell migration is regulated by a number of critical molecules and is 

dependent on interaction of sphingosine-1-phosphate (S1P) with S1P1 receptors located 

on vascular smooth muscle cells 121. Without the S1P1 receptor, mural cells are not 

recruited to vessels and fail to form the tight junctions necessary to decrease vascular 

permeability 121,122. S1P1 receptor mutant mice do not survive beyond the embryonic 
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stage E14.5 due to uncontrollable hemorrhage 121,122. Pericyte migration is also regulated 

by platelet derived growth factor (PDGF) signals. PDGF-BB binds to the extracellular 

matrix on angiogenic sprouts to trap PDGFR-positive pericytes 123. The PDGF ligand-

receptor interaction forms tight adhesions of pericytes to the vessel wall 124,125 that protect 

against vascular leakage that can be lethal early in development 126. These are two of the 

many necessary signals required for successful vascular development. 

Low-density lipoprotein receptor (LDLR)-related protein 1 (LRP1) is a single-

pass transmembrane receptor of the LDL receptor (LDLR) family with both endocytic 

and signaling capabilities. The receptor has the capability to bind over 100 structurally 

unrelated ligands and regulate their abundance through endocytosis and lysosomal 

degradation 28. Global knock-out of LRP1 is lethal in mice 78,127 resulting in uncontrolled 

hemorrhage due to defects in vessel maturation that mimics the phenotype of S1P1 

mutant mice 41. Nakajima, et al. discovered that LRP1 is critical to mediating crosstalk 

and regulation of both S1P and PDGF signaling. Not surprisingly, loss of LRP1 during 

vascular development results in failed recruitment of mural cells, which are required for 

vessel wall stability. As a result, Lrp1-/- mice do not survive beyond embryonic stages 

(E12.5) either. Thus, LRP1 is a critical factor in mural cell recruitment during vascular 

development. 

 Since global knock-out of LRP1 is embryonic lethal, research has turned to 

conditional knock-out mice to determine the biological role of LRP1 in mature 

vasculature. A smooth muscle cell-specific knockout of LRP1 (smLRP1-/-) was 

developed in mice using a Cre-lox system where the Cre recombinase is driven by the 

Sm22 promoter 33. Smooth muscle cell LRP1 (smLRP1) has already been found to be 
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critical to multiple vascular diseases. On the atherosclerotic background (LDLR -/-), LRP1 

was found to be protective against atherosclerosis development 35. More importantly, loss 

of smLRP1 alone results in spontaneous and fully penetrant aneurysm formation in the 

aorta and mesenteric arteries by 6 months of age 33. 

Since smLRP1 has already severely impacted two vascular beds, we designed 

studies to determine whether smLRP1 impacted the cerebrovasculature in a similar 

manner as has been reported in other vascular beds. Due to the level of complexity of the 

cerebrovasculature, we were also interested in examining if smLRP1 alone had any 

impact on vessel branching during development. In this study, we analyzed the vascular 

branching patterns of cerebrovascular casts from smLRP1 -/- mice compared to wild-type 

mice. We hypothesized that smLRP1 would alter the vessel branching patterns. 

 

Results 

5.1 smLRP1 has no impact on total number of branch points 

While smLRP1 has a clear impact on the aorta and mesenteric arteries, the role of 

smLRP1 on the cerebrovasculature is unknown. We employed the use of the smLRP1 -/- 

mouse that eliminates LRP1 from cells expressing the Sm22 promoter, which targets 

smooth muscle cells 33. No reports indicate whether pericytes, which also express Sm22, 

are affected in smLRP1-/- mice. To study this network, in collaboration with Kozel lab 

(Beth Kozel, National Heart, Lung, and Blood Institute in Bethesda, MD), we perfused 

four-month-old female mice of both WT and smLRP1-/- backgrounds with a radiopaque 

casting agent that polymerizes over the course of the perfusion. Brains were then isolated 

from the mice and scanned by micro-computed tomography (micro-CT) capable of being 
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reconstructed in three dimensions. The reconstructed vascular scans were then linearized 

to create tree maps and the right and left middle cerebral arteries (MCAs) were isolated 

for analysis. 

In order to determine whether there were any changes to vessel branching, we 

estimated the complexity of the vascular tree by calculating the number of branch points. 

There was no statistically significant difference in total number of branch points for 

either MCA (Fig. 5.1B). Each MCA has a branch about halfway along the vessel with a 

distinctive bifurcation (B in Fig. 5.1A). By visual inspection, the MCA has greater 

complexity, indicated by a higher number of branch points, in the distal portion of the 

vascular tree. For this reason, we wanted to isolate the distal tree complexity from the 

proximal tree complexity and compare these parameters between both genotypes. The 

distal portion of the vascular tree was defined by the branches including and beyond the  

bifurcation branch (noted by the red arrow proximal to the B branch in Fig. 5.1A). 

Branch points were then characterized as proximal or distal to the bifurcation branch but 

neither measurement was significantly different (Fig. 5.1B). We accounted for the 

potential that an effect would be most apparent at a more global vascular level but not in 

an individual MCA by combining the data from the right and left MCAs. However, there 

was also no statistically significant difference in combined number of branch po ints (Fig. 

5.1C). The lack of a change in the number of branch points is indicative that smLRP1 has 

no influence on tree complexity. 

5.2 smLRP1 has no impact on distribution of vessels by branching order 

Our next consideration was whether the pattern of vascular branching was 

changed or preserved upon deletion of LRP1 in smooth muscle cells. Vessel branching  
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Figure 5.1. Smooth muscle cell-specific knock-out of LRP1 does not change the number of 
branch points 

WT and smLRP1
-/-

 (KO) mice were perfused with Microfil. After perfusion, brains were isolated and 
scanned by micro-CT. Scans were converted into tree maps by Analyze 12.0 software. A. Middle 

cerebral artery (MCA) vessels were isolated from the tree maps. Branch points were counted at every 
vessel bifurcation beyond the root (R). Branch points were also divided into branch points occurring 
proximal (red line) a characteristic vessel (yellow highlight) containing a bifurcation (B).  B. Branch 

points were counted proximal or distal (D) to the bifurcation branch and also summed together (total) 

for both the right and left MCA. C. Data was then compiled for both MCAs. Data is reported as mean  

SD (n=7). No statistical differences were found by two-way ANOVA with post-hoc Tukey test. 
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order is defined by the properties of the artery from where the new branch stems. 

Branching order adheres to the following naming system: primary, secondary, tertiary, 

quaternary, etc. Primary branches originate from the main artery. Secondary branches 

originate from primary branches. Tertiary branches originate from secondary branches, 

and so on. Figure 5.2A depicts how primary (yellow), secondary (light blue), and tertiary 

(red) branches were classified based upon their relationship to the main right MCA 

(green) in a tree map. 

Within each mouse strain, the generalized branching structure is typically 

preserved between mice of the same strain and genetic modifications 128 with the primary 

branches occurring in a mostly predictable arrangement. To quantify the structure of 

vessel branching, we counted the number of primary, secondary, and tertiary vessels o ff 

of a vessel of interest. We chose the MCA as our vessel of interest for two reasons. First, 

the origin of the MCA is highly recognizable based upon other vessel landmarks. Second, 

the MCA is one of the cerebral vessels that exhibits the greatest variation in structural 

anatomy between mouse strains 128. Thus, the MCA would be the most likely vessel to 

see noticeable and recognizable changes in the absence of smLRP1 expression. We 

analyzed both the MCA in the right and left hemisphere independently since the MCAs in 

each hemisphere are not symmetric due to hemisphere-dependent brain structures. There 

was no statistical difference in the number of primary, secondary, or tertiary vessels in 

either the left or right hemisphere (Fig. 5.2B). The combined counts were also not 

statistically significant different in the number of primary, secondary, or tertiary branches 

of the MCAs between WT and smLRP1-/- mice (Fig. 5.2C). The results of these  
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Figure 5.2. Smooth muscle cell-specific knock-out of LRP1 does not change the number of vessels 

of each branch order 

WT and smLRP1
-/-

 (KO) mice were perfused with Microfil. After perfusion, brains were isolated and 
scanned by micro-CT. Scans were converted into tree maps by Analyze 12.0 software. A. Middle 
cerebral artery (MCA) vessels were isolated from the tree maps at their root (R). Vessel branches of the 

MCA were categorized based upon order of vessel branching. An example tree map is shown that has 
the vessels manually labeled by branch order: primary (yellow; branch off of main MCA branch), 
secondary (light blue; branch off primary), and tertiary (red; branch off of secondary). B. Vessels were 

categorized and tallied by branch order for both the right and left MCA. C. Data was then compiled for 

both MCAs. Data is reported as mean  SD (n=7). No statistical differences were found by two-way 

ANOVA with post-hoc Tukey test. 
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measurements indicate that smLRP1 has no impact on the general distribution of vessels 

as determined by branching pattern. 

5.3 smLRP1 has no impact on branching properties of the vessels 

Although the distribution of vessels by branching order was the same, we wanted 

to determine whether the properties of vessels between different branching order classes 

were the same. We subdivided the primary and secondary vessels into two further classes 

based upon whether the vessel had any branches at all (branched) or had no branches  

(branchless). After classification, we calculated the percent of vessels that were branched 

or branchless. The distribution of branched and branchless vessels was not sta tistically 

different for either primary or secondary vessels in either MCA (Fig. 5.3A). Combining 

the data between the right and left MCA did not change the statistical significance either 

(Fig. 5.3B). 

Examining the branching properties in more depth, we analyzed the quantitative number 

of branches per parent branch (referred to as “branches per branch” in this text). For 

every branch of a particular branching order, we averaged the number of branches per 

branch. First, we made this measurement for all branches including ones without 

branches. Then, we made the measurement for only the branches with at least one branch 

(branched). On average, each primary branch had two branches per branch, while the 

secondary branches had just under one branch per branch (Fig. 5.4A). These 

measurements were unaffected by genotype or from which hemisphere the MCA 

originated (Fig. 5.4A). Additionally, when the data was analyzed ignoring the origin 

hemisphere of the MCA, the number of branches per branch still was unaltered (Fig. 

5.4B). Overall, the properties of each branch were unaffected by smLRP1. 
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Figure 5.3. Smooth muscle cell-specific knock-out of LRP1 does not change the distribution of 
branched and branchless branches 

WT and smLRP1
-/-

 (KO) mice were perfused with Microfil. After perfusion, brains were isolated and 
scanned by micro-CT. Scans were converted into tree maps by Analyze 12.0 software. A. Vessels were 
categorized as either having branches (branched) or without branches (branchless) based on their vessel 

order (primary or secondary) for both the right and left MCA. The data was converted into the percent 
of primary branches that are branched or branchless. B. Data was then compiled for both MCAs. Data 

is reported as mean  SD (n=7). No statistical differences were found by two-way ANOVA with post-

hoc Tukey test. 
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Figure 5.4. Smooth muscle cell-specific knock-out of LRP1 does not change the distribution of 

branched and branchless branches 

WT and smLRP1
-/-

 (KO) mice were perfused with Microfil. After perfusion, brains were isolated and 
scanned by micro-CT. Scans were converted into tree maps by Analyze 12.0 software. A. For all 
branches of a particular order (i.e. primary, secondary) the number of branches were calculated per 
branch (all). Then, the number of branches per branched vessels was also calculated (branched). These 

analyses were performed on both the right and left MCA. B. Data was then compiled for both MCAs. 

Data is reported as mean  SD (n=7). No statistical differences were found by two-way ANOVA with 

post-hoc Tukey test. 
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5.4 smLRP1 has no effect on the interbranch distance 

Interbranch distance is another measure of vascular geometry and indicates a 

change in vessel patterning. As a result, we measured the distance between primary 

branches along the main branch starting from the root (Fig. 5.5A). We found no 

significant difference between the interbranch distance for either MCA alone or both 

MCAs combined (Fig. 5.5B). The compilation of all the results suggest that smLRP1 has 

no influence vessel patterning or geometry of the cerebrovasculature. 

 

Discussion 

 The primary goal of this study was to determine what role smLRP1 has on 

cerebrovascular anatomy. Our study was the first to investigate the impact that smLRP1 

has on vessel patterning and geometry of any vascular bed. Interestingly, our results show 

that smLRP1 does not impact any of the factors that we examined. Smooth muscle LRP1 

did not lead to more or less branching and did not change the proportion of vessels at any 

particular branching order. There was also no change in proportion of vessels with 

branching nor a change in the number of vessels per branch. Finally, interbranch distance 

between primary branches was unchanged after deletion of smLRP1. Together, these data 

indicate that smLRP1 has no impact on vessel branching patterns or geometry in the 

brain. 

 Only one report has identified an impact of LRP1 on vascular branching 129. 

However, the study found that specifically loss of LRP1 in endothelial cells increased 

vascular angiogenesis, specifically in the retina 129. Mao, et al. made very similar 

measurements to our study and determined that retinal vascularization and vascular  
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Figure 5.5. Smooth muscle cell-specific knock-out of LRP1 does not change the number of 

branch points 

WT and smLRP1
-/-

 (KO) mice were perfused with Microfil. After perfusion, brains were isolated and 
scanned by micro-CT. Scans were converted into tree maps by Analyze 12.0 software. A. Middle 
cerebral artery (MCA) vessels were isolated from the tree maps. Path length was measured between 

primary branches along the main branch of the MCA. The measurements are represented visually by 
alternating yellow and light blue paths delineated along the main MCA branch starting at the root (R). 
B. Distance between branch points was averaged for the right MCA, left MCA, and both MCAs 

combined. Data is reported as mean  SD (n=7). No statistical differences were found by two-way 

ANOVA with post-hoc Tukey test. 
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branching was dependent on release of angiogenic potential. In contrast, when smLRP1-/- 

mice were first characterized, no changes in vessel branching or vascularization in the 

aorta, the mesentery, or the carotid artery were noted by microscopic examination 

(unpublished). Our results combined with previous observations of peripheral vascular 

beds in smLRP1-/- mice indicate that, unlike endothelial cell LRP1, smLRP1 likely does 

not provide the same protection against pathological angiogenesis. 

 The absence of a role for smLRP1 in preservation of vascular branching and 

anatomy could be applicable to vascular biology beyond the brain. LRP1 has a clear role 

in vascular maintenance and homeostasis by being protective against aneurysm formation 

in the aorta and the mesenteric arteries 33, atherosclerosis in a mouse model of the disease 

109, and aortic contractility defects 81. Our study suggests that smLRP1 may not be 

involved in preservation of vascular branching or protection against pathological 

angiogenesis in any vascular bed and remains to be investigated. 

 The current study leaves room for multiple new avenues of investigation. Vessel 

dilatation has been detected in multiple vascular beds 33 potentially as a result of loss of 

vessel contractility 81. We are interested in whether vessel wall susceptibility applies to 

vasculature in the brain. While subjective visual inspection did not detect in any 

aneurysmal spots, measurements of vessel diameters would more accurately detect any 

generalized dilatations of the vasculature. However, if vessel diameter is preserved in 

mice with knock-out of smLRP1, then discovery of what features specifically protect the 

vasculature of the brain could provide insight into potential therapeutic options to protect 

the rest of the peripheral vasculature from dilatation.  
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 Finally, studies of smLRP1 have focused on arteries because smooth muscle cells 

are large contributors to arterial vessels of any size. In order to generate the smooth 

muscle cell-specific knockout, the smLRP1-/- mouse is generated by a Cre-lox system 

where the Cre recombinase is driven by the sm22 promoter. However, in the brain, 

pericytes also express sm22 and are one of the primary components of brain capillaries 2. 

Capillary beds might be of particular interest because deficiency of the LRP1 ligand 

tissue plasminogen activator (tPA) results in a larger propensity of smaller vessels in the 

brain capillary network that results from loss in vessels with smooth muscle cells 130. 

Capillary beds should be a consideration for examination of any further work to 

determine if LRP1 in pericytes has any impact on vessel branching, geometry, or 

diameter. 

 The role of LRP1 in development and preservation of the vascular tree geometry 

is still unclear. LRP1 in different cell types seem to have different impacts on vessel 

branching 129. As only two vascular beds have been thoroughly investigated, other 

regions of the vasculature remain to be examined, including capillary beds and the 

coronary arteries. Additionally, we plan to thoroughly examine the impact of smLRP1 on 

vessel diameter. We will also repeat this study in a cohort of male mice to examine 

whether the effect of smLRP1 is sex-specific. Elucidating the mechanism by which LRP1 

impacts or protects different vascular beds may provide insight into how LRP1 or its 

ligands can be altered to protect susceptible vascular beds. 
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Chapter 6: Discussion 

 While genetic knock-out studies in mice demonstrate that LRP1 is a critical 

regulator of vascular maintenance and vasculogenesis 33,41, we still do not know the exact 

functions of LRP1 that are impacted at the receptor level and how these impairments 

translate to diseases of the vasculature. In these studies, we have turned to human patients 

with aortic disease that have rare and disease-associated genetic variations in LRP1 to 

inform studies that can interrogate the function of LRP1 on the biochemical and cell-

based level. We also were interested in whether LRP1 impacted other processes of 

vasculogenesis beyond mural cell recruitment in vivo and studied the vessel branching 

patterns in mice with LRP1 deletion in SMCs. Based upon the locations of the genetic 

variants in LRP1 and the relationship between LRP1 structure and function, we 

hypothesized that genetic variants or loss of LRP1 associated with aneurysm formation 

will impact ligand binding and/or trafficking of LRP1. 

 Our first study identified the collagenase MMP-1 as a novel ligand of LRP1. We 

further found that complex formation of MMP-1 with its endogenous inhibitor TIMP-1 

significantly enhanced binding. Preliminary data identified that aortic SMCs isolated 

from a patient with LRP1 mutations and severe aortic aneurysms exhibited significant 

upregulation of MMP-1 protein (unpublished). As a result, we investigated the binding 

interaction between MMP-1 and LRP1. We observed that both proMMP-1 and active 

MMP-1 bound with to full-length LRP1 with a KD of 19 nM and 25 nM, respectively. 

Interestingly, MMP-1 forms an inhibitory complex with TIMP-1 that binds with 

approximately 30-fold higher affinity to LRP1 than either MMP-1 or TIMP-1 alone (KD 

= 0.6 nM). We showed that modification of lysine residues on either component 
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completely ablated binding of MMP-1/TIMP-1 complexes to LRP1. The essential 

contribution of lysine residues on the ligand to the binding interaction with LRP1 is 

consistent with other LRP1 ligands including RAP, TIMP-3, and uPA/PAI-1 complexes 

31,57,91,92,100,131. MMPs and TIMPs also require lysine residues for high affinity binding to 

LRP1. 

In addition, we found that this interaction was physiologically relevant to aortic 

disease since human aortic SMCs were capable of internalizing and degrading proMMP-

1 from the extracellular environment in an LRP1-dependent manner. Finally, high 

affinity binding of LRP1 to protease:inhibitor complexes was also relevant to proMMP-

9/TIMP-1 complexes and complex formation resulted in enhanced uptake in fibroblasts. 

While protease:inhibitor complex formation has been reported to enhance binding for 

other LRP1 protease ligands 29,31,32,78,80,132, the data demonstrate that this phenomenon is 

also true for MMPs. Increased protein abundance of LRP1 ligands MMPs, including 

MMP-1 and MMP-9 have been associated with aortic aneurysms and dissections 33,42–

44,64–66. Genetic changes in LRP1 that disrupt the binding affinity of LRP1 with the MMP 

complexes could significantly impair the ability of LRP1 to internalize and degrade 

MMPs, causing subsequent MMP dysregulation and uncontrolled proteolytic degradation 

of the vessel wall ECM. 

 Our next study intended to isolate the effects of genetic variants of LRP1 

associated with aortic aneurysm formation on LRP1 function. Collaborators at University 

of Texas Health Science Center (Milewicz laboratory) and at Johns Hopkins University 

(Dietz laboratory) identified multiple LRP1 variants that were either associated or 

suspected to be associated with aortic aneurysms or dissections. We chose to investigate 
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whether LRP1 processing was impaired in two mutations occurring in the cluster IV 

binding region (A3487T and G3377R) and one mutation occurring in the beta-propeller 

that is the target of furin cleavage during processing (E3983D). We employed site-

directed mutagenesis to introduce the rare genetic LRP1 variants to mini4 LRP1 receptor, 

individually. We observed that the A3487T mutation increased LRP1 turnover and the 

G3377R mutation impaired LRP1 processing. However, a series of cell-based 

experiments identified that a large fraction of the LRP1 mini-receptors is not properly 

delivered to the cell surface during LRP1 synthesis and processing and instead is targeted 

for degradation by the proteasome. Co-transfection with the endogenous LRP1 chaperone 

protein RAP facilitated but did not completely alleviate mini4 processing defect. Our 

results suggest that mini4 and likely other LRP1 mini-receptors have folding and 

processing impairments that could prevent them from becoming fully-functional units of 

LRP1. Although mini-receptor constructs have been commonly used as surrogate 

markers of LRP1 function and to isolate the effects of different LRP1 clusters and test 

novel ligand binding, extreme caution should be used especially in assays that would 

investigate trafficking and cell surface expression of LRP1. 

Our experiments specifically examined LRP1 processing changes induced by 

introduction of genetic variants and, therefore, the mini-receptor method was still 

sensitive enough to detect changes compared to wild-type LRP1. The A3487T mutation 

resulted in increased LRP1 turnover, which could highly impact steady-state LRP1 

expression on the cell surface. In contrast, the G3377R LRP1 genetic variants causes 

defects that impair LRP1 trafficking from the ER to the cell surface, likely due to 

misfolding in the ER so that the receptor fails protein quality control. Both of these 
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defects could highly impact steady-state expression of LRP1 on the cell surface. Overall 

surface level LRP1 expression deficits could be particularly detrimental to regulation of 

LRP1 ligands in the extracellular environment whose protein abundance are intricately 

controlled by internalization and degradation mediated by LRP1-regulated binding and 

endocytosis. These mutations could result in aneurysm formation due to ECM 

deterioration due to dysregulation of proteases in the extracellular space caused by 

reductions in cell surface LRP1 expression. 

Our final study examined the role of smooth muscle cell LRP1 on vascular 

branching. smLRP1 is known to protect the vasculature against atherosclerosis in a 

mouse model of atherosclerosis 109,110 and aneurysm formation in mice 33. We formed 

casts of the cerebrovascular tree in smLRP1 -/- and wild-type mice and imaged the casts 

by micro-computed tomography. Our casts primarily targeted cerebral arteries on the 

surface of the brain that contain SMCs in the tunica media. We found no evidence of 

angiogenic changes in the cerebrovasculature between the smLRP1 -/- and WT mice. In 

addition, we report no changes in the vascular branching pattern in smLRP1-/- compared 

to WT mice as measured by total number of branch points, percent of branches with 

secondary branches, and numbers of branches per vessel. Finally, we did not observe 

changes in the vessel geometry between the smLRP1 -/- and the WT mice as measured by 

percentage distribution of vessels by branching order and interbranch distance along the 

primary MCA vessel. Our study is the first to investigate the role of smLRP1 in vascular 

branching. Despite the role of LRP1 in mural cell recruitment during vasculogenesis, 

regulation of the ECM, and signaling capabilities, smLRP1 does not appear to change the 

cerebrovascular vessel anatomy. 
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 In summary, our results indicate that genetic variations in LRP1 observed in 

patients with aortic disease do detrimentally impact LRP1 function at the receptor level. 

We found that LRP1 regulates MMP-1 internalization and degradation and has a 

preferred interaction with the protease:inhibitor complex with TIMP-1. The significant 

upregulation of MMP-1 in a young patient with severe abdominal aortic aneurysms may 

be a direct result of LRP1 mutations that impact binding or release of MMP-1 by LRP1. 

We also discovered two mutations in LRP1 that result in deficits in LRP1 processing that 

could directly impact steady-state LRP1 surface expression and indirectly result in 

protease dysregulation detrimental to the ECM structure and function. Finally, loss of 

smLRP1 did not have any impact on the cerebrovascular branching or geometry 

indicating that smLRP1 does not influencing either feature during vasculogenesis. The 

results further demonstrate that LRP1 is a critical regulator of ECM homeostasis, 

especially in the vasculature. More importantly, my dissertation highlights that LRP1 

variants associated with aortic aneurysms and dissections cause functional deficits in 

LRP1 that could explain the ECM dysregulation exhibited in aortic disease. 
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Chapter 7: Future Directions 

 The results discussed in this dissertation have revealed several potential future 

avenues of investigation. Since the receptor’s discovery, LRP1 has long been known to 

be important for binding and uptake of protease:inhibitor complexes 18. While this 

phenomenon has been demonstrated to apply to multiple MMPs 34,71,133,134, our study is 

the first to indicate that LRP1 can have a clear binding and uptake preference for the 

MMP/TIMP complexes. The results highlight that MMP conformation, whether as a 

proenzyme, active protease, or complex with inhibitor, is critical for regulation of the 

abundance of MMPs, and their endogenous inhibitors TIMPs, in the ECM. The direct 

follow-up to this knowledge is how does regulation of MMP/TIMP complexes impact 

MMP activity particularly in the ECM in vivo. 

Steady state and transient circulating levels of each form of MMPs could make a 

significant impact on uptake and subsequent degradation of MMPs and TIMPs by LRP1. 

Assessment of the impact of MMP conformation on uptake could be investigated by 

fluorescence resonance energy transfer (FRET) experiments by labeling MMP and its 

respective TIMP with fluorescent tags that could induce FRET when in close proximity. 

Concentrations of each form of the MMP could be changed relative to relevant 

concentrations found in physiological or disease states to determine how changes in the 

external environment impact uptake and degradation of the forms. Functional changes to 

the activity of MMPs could be determined by collagen or gelatin gel contraction assays 

using the resulting steady-state conditioned media from the FRET-based experiments. 

Understanding more about how LRP1 regulates the extracellular environment and the 

direct impact on the ECM in physiology and disease could result in the development of 
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more informed diagnostic markers of diseases that are characterized by ECM 

dysregulation. 

 More importantly, MMPs were originally considered a drug target with great 

promise for cancer but suffered from lack of specificity due to high homology between 

MMP family members that caused numerous off-target effects 135,136. Previous attempts 

to develop an MMP-targeted drug focused on inactivation of the MMP activity 135,136 but 

many studies show that the proenzyme and complex forms of MMPs as well as TIMPs 

themselves having important roles in ECM homeostasis beyond protease activity 137–140. 

Our studies began to elucidate the binding interaction between MMP-1 and MMP-9, 

which are both associated with aortic disease 42–44,64. These MMPs have very specific 

binding characteristics to LRP1 that involve lysine residues and that interaction of 

complexes involve lysine residues on both the MMPs and TIMPs. Determining the 

specific lysine residues involved by specific mutagenesis is important to determine 

potential specific targets for small molecule inhibitors that could block uptake in diseases 

requiring enhanced ECM turnover, like fibrosis. Based upon our results, novel 

pharmacological targets could alternatively target facilitated uptake of MMPs and TIMPs 

as a complex. For example, a compound capable of enhancing complex formation of 

MMPs and TIMPs would result in accelerated removal of MMPs and TIMPs from the 

extracellular environment. The MMP study may help provide information that would 

suggest other potential methods for targeting MMPs pharmacologically. 

 Our studies regarding LRP1 variants in aortic disease have both practical and 

scientific implications. Firstly, the mini4 LRP1 mini-receptor has defects in folding and 

processing that are not overcome solely by co-transfection with chaperone proteins or 
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furin. The remaining LRP1 mini-receptors also need to be tested to determine if they also 

have similar deficits. The mini-receptors are not completely defunct; transfection of mini-

receptors produces some level of functional receptor that is properly folded, furin-

cleaved, and capable of ligand uptake 53. However, mini-receptors should be avoided in 

applications that (1) require large pools of functional LRP1 on the cell surface, (2) 

require consistent levels of surface level expression of mini-receptors for accurate results, 

and (3) intend to examine the impact on LRP1 folding, processing, and cell surface 

expression. Luckily, the majority of studies use LRP1 mini-receptors to identify novel 

ligand binding and internalization of LRP1 53. Thus, the deficits that we discovered in the 

mini-receptors do not invalidate most of the LRP1 literature using the mini-receptors to 

date but require future caution about relevant applications. 

 While our experiments were intended to determine the impact of rare LRP1 

variants on LRP1 folding and processing and final endocytic function of the receptor, our 

results show interesting deficits that could significantly impact LRP1 function in settings 

of human aortic disease. Of the three mutations studied, we suggest that two of the 

mutations had detrimental impacts on LRP1 function. The mini-receptor assays used may 

be insensitive to all impacts on LRP1 processing and surface level expression and will 

need to be repeated with full-length receptor to draw final conclusions. Functional 

deficits became apparent in the mini-receptor experiments and indicate that rare LRP1 

variants associated with human aortic disease may be important to disease pathogenesis 

and prognosis. Biotinylation studies measuring LRP1 cell surface expression in aortic 

SMCs from patients with aortic aneurysms would help determine if decreases in LRP1 

cell surface expression is uniform across multiple LRP1 variants associated with aortic 
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disease. Finally, understanding the specific impairments caused by each mutant will 

provide important information for future treatments that overcome the functional changes 

induced by these variants. 

 Our examination of the cerebrovasculature clarifies the role of smLRP1 in 

vasculogenesis but opens more questions for further investigation. Although viability of 

smLRP1-/- mice demonstrates that smLRP1 does not have a lethal impact on mural cell 

migration during vasculogenesis 41, the fact that there were no differences in vascular 

branching or geometry suggests that that LRP1 deletion induced by sm22-driven Cre 

recombinase does not impact vasculogenesis in female mice. Our final conclusions still 

our pending our measurements in the male mice. However, the current studies did not 

measure any potential functional defects in the cerebrovasculature. Due to the vital role 

of LRP1 in modulating PDGF-BB signaling through S1P signal regulation 41, the impact 

of endothelial cell LRP1 on vascular branching and geometry should also be analyzed in 

endothelial cell-specific LRP1 knockout mice. Also, the anatomical properties are 

fundamentally different between the cerebral and peripheral arteries. The cerebral arteries 

have a smaller proportion of the vessel wall dedicated to SMCs and much higher LRP1 

expression in brain endothelial cells than the peripheral vasculature 41. As a result, the 

vascular branching and geometry in the peripheral vasculature should also be assessed for 

differences in smLRP1-/- mice. 

 As a whole, my dissertation will have the most significant contribution to building 

our understanding of LRP1 biology and ECM homeostasis. The results from these three 

studies underscore the important role of LRP1 in vessel wall development and 

homeostasis and in control of ECM regulators. Complete or partial loss of LRP1 function 
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has major implications particularly for development of aortic disease in both mice and 

humans. My dissertation suggests that LRP1 is a key receptor in the pathogenesis or 

aortic disease and further research could help develop new types of therapeutics to 

prevent or treat aortic disease. 
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