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ABSTRACT OF THE DISSERTATION 
 
 
 

Syndecan-1, a Clearance Receptor for Triglyceride-Rich Lipoproteins 

 

by 

 

Erin Marie Foley 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2012 

Professor Jeffrey D. Esko, Chair 

 

 Triglyceride-rich remnant lipoproteins are cleared from the circulation by 

hepatic receptors including the low density lipoprotein receptor (Ldlr), the Ldlr-related 

protein, and heparan sulfate proteoglycans (HSPGs).  This dissertation describes the 

identification of syndecan-1 as the primary heparan sulfate proteoglycan receptor for 

remnant lipoproteins in the liver, characterizes its function as a receptor, and defines 

its relative contribution to clearance in the context of other known receptors.  Chapter 

1 serves as a primer on lipoprotein metabolism, provides background information 

about sydecan-1 structure, function and regulation, and reviews relevant literature 
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implicating syndecan-1 in lipoprotein clearance.  Chapter 2 demonstrates the 

contribution of syndecan-1 to clearance in mice and in human hepatocytes, analyzes 

elements of syndecan-1 structure that are important for its function as an endocytic 

receptor, and discusses the influence of syndecan-1 in disease-associated 

hypertriglyceridemia.  Chapter 3 introduces a new mouse model in which three 

hepatocyte lipoprotein receptors – Ldlr, Lrp1, and HSPGs – have been inactivated.  

Using this model, it is shown that HSPGs mediate clearance of triglyceride-rich 

lipoproteins of unique size and apolipoprotein composition.  Chapter 4 reviews 

ongoing and future studies of syndecan-1 as a clearance receptor for triglyceride-rich 

lipoprotein remnants and discusses the broader implications of this work.



1 

CHAPTER 1 

Introduction: Hepatic heparan sulfate proteoglycans and endocytic clearance of 

triglyceride-rich lipoproteins 

 

1.1 Summary 

 Hypertriglyceridemia, characterized by the accumulation of triglyceride-rich 

lipoproteins in the blood, affects 10–20% of the population in western countries and 

increases the risk of atherosclerosis, coronary artery disease, and pancreatitis. The 

etiology of hypertriglyceridemia is complex, and much interest exists in identifying 

and characterizing the biological and environmental factors that affect the synthesis 

and turnover of plasma triglycerides. Genetic studies in mice have recently identified 

heparan sulfate proteoglycans as a class of receptors that mediates the clearance of 

triglyceride-rich lipoproteins in the liver. Heparan sulfate proteoglycans are expressed 

by endothelial cells that line the hepatic sinusoids and the underlying hepatocytes, and 

are present in the perisinusoidal space (space of Disse).  

The purpose of this thesis is to characterize the heparan sulfate proteoglycan 

syndecan-1 as a clearance receptor for triglyceride-rich lipoproteins. This introductory 

chapter will describe syndecan-1 structure and regulation, provide background 

information about the identification of syndecan-1 as the primary proteoglycan that 

mediates triglyceride-rich lipoprotein clearance, and discuss the dependence of 

lipoprotein binding on heparan sulfate fine structure.  
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1.2 Lipoprotein metabolism  
 
 Lipoproteins transport triglycerides, cholesterol, and phospholipids through the 

blood for distribution and use throughout the body. These particles consist of 

noncovalent associations of lipid and protein and contain a hydrophobic core of 

cholesterol ester and triglyceride enveloped by a monolayer of phospholipids, 

unesterified cholesterol, and apolipoproteins. Lipoprotein classes differ in density, 

size, function, and lipid and apolipoprotein content. 

 The triglyceride-rich lipoproteins are functionally defined as the fraction of 

plasma lipoproteins that have a density of less than 1.006 g/mL. Triglyceride-rich 

lipoproteins arise from both exogenous (dietary) and endogenous (liver) sources. 

Dietary triglyceride is packaged into large, buoyant chylomicrons, which contain 

APOB48, APOCII, and APOE, by the mucosal cells that line the intestine. In 

circulation, chylomicrons encounter lipoprotein lipase (LPL), which is anchored to the 

endothelial surface by its receptor GPIHBP1 (1). LPL hydrolyzes the triglycerides in 

the core of these particles into free fatty acids, which can then be used for energy 

production or storage. The inner core is partially depleted of triglycerides by lipolysis, 

resulting in the formation of chylomicron remnants. These smaller remnant particles 

pass through the fenestrated endothelium of the liver sinusoids and are sequestered in 

the space of Disse. Here, the remnant lipoproteins become enriched in APOE, undergo 

further processing by LPL and hepatic lipase (HL), and are cleared by one of several 

endocytic receptors (2). 

 The liver packages endogenous fats into very low density lipoproteins 

(VLDLs) that contain APOB100 (and ApoB48 in the mouse). VLDLs also encounter 



3

 

LPL in the circulation and, after hydrolysis, are converted into VLDL remnants and 

intermediate density lipoproteins (IDLs). Like chylomicron remnants, VLDL remnants 

enter into the hepatic space of Disse and may be cleared from the circulation. IDLs 

that remain in the circulation are further processed by HL and, in humans, by the 

cholesterol ester transfer protein (CETP), resulting in the formation of cholesterol-rich 

low density lipoproteins (LDL). The liver also synthesizes high density lipoproteins 

(HDL) that transport surplus cholesterol from the periphery back to the liver (3). This 

process is called reverse cholesterol transport. 

 In the liver, several endocytic receptors mediate the clearance of triglyceride-

rich lipoproteins from circulation. The first to be identified was the LDL receptor 

(LDLR), initially described by Brown and Goldstein (4). Mice, rabbits, and humans 

with inactivating mutations in the LDLR gene have high levels of cholesterol and 

exhibit a modest accumulation of triglycerides (5-7), suggesting that LDLR is 

responsible for some, but not all, triglyceride-rich lipoprotein clearance. Herz and 

colleagues later identified another group of endocytic receptors bearing structural 

homology to LDLR, the LDLR-related proteins (LRPs) (8, 9). Though LRPs bind and 

internalize remnants enriched in APOE (10), they also have diverse functions in 

signaling, neurotransmission, and cellular entry of toxins and viruses (11). The liver 

makes LRP1 and LRP5, but these proteins are also widely expressed in other tissues 

(9, 12). Systemic LRP1 null mice are not viable (13). Liver-specific ablation of LRP1 

does not result in remnant particle accumulation unless compounded with LDLR 

deficiency (14, Chapter 3). Systemic LRP5 null mice are viable, but do not accumulate 

remnant particles unless they are subjected to a high fat diet (15). VLDLR, another 
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member of the LRP family, mediates clearance of APOE-rich triglyceride-rich 

lipoproteins in the periphery (heart, muscle, adipose tissue, macrophages) but is not 

expressed in the liver (16). Vldlr–/– mice have normal levels of plasma lipids, and the 

role of VLDLR in triglyceride-rich lipoprotein clearance becomes apparent only after 

severely stressing triglyceride metabolism (17-19). 

The lipolysis-stimulated lipoprotein receptor (LSR) is also a candidate 

receptor, though its exact role in triglyceride-rich lipoprotein clearance is still under 

study. Upon activation by free fatty acids, LSR undergoes a conformational change 

and binds to APOB- and APOE-containing lipoproteins (20, 21). Liver-specific 

knockdown of LSR expression leads to hypertriglyceridemia in the fed state, but 

fasting triglyceride levels are normal (22). Heterozygous Lsr+/– mice have delayed 

postprandial clearance of triglyceride-rich lipoproteins (23), but systemic inactivation 

of LSR leads to embryonic lethality (24), alluding to perhaps other roles for this 

protein. Other receptors of note include the Scavenger Receptor BI (SR-B1). Though 

some evidence suggests that SR-B1 can mediate clearance of VLDLs and 

chylomicrons in vivo (25-27), its major role is in HDL clearance (28). 

 

1.3 Syndecan-1 and remnant lipoprotein clearance 

 A large body of work has suggested that heparan sulfate proteoglycans act in 

the clearance of triglyceride-rich lipoproteins. These studies, pioneered in the 

laboratories of K.J. Williams and R.W. Mahley, reported decreased lipoprotein uptake 

in cells treated with heparinases that degrade heparan sulfate chains, pharmacological 

agents that manipulate glycosaminoglycan biosynthesis, or in Chinese hamster ovary 
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(CHO) cell mutants lacking specific heparan sulfate biosynthetic enzymes (29-37). 

Upon infusion of mice with lactoferrin, heparinase, or heparan sulfate mimetics, which 

bind, degrade, or compete with heparan sulfate respectively, reduced plasma clearance 

rates and hepatic uptake of labeled VLDL were observed as well (38-40). 

Furthermore, it was shown that heparan sulfate was localized on hepatocyte basal 

membranes facing the space of Disse in the liver by using immunoelectron 

microscopy (41, 42). 

 In tissue culture models, lipoproteins can bind to several proteoglycans. Fuki et 

al. have described increased cell association and uptake of LPL-enriched lipoproteins 

by CHO cells transfected with expression constructs for the transmembrane 

proteoglycans syndecan-1, -2, and -4, though the greatest effect was seen in the 

syndecan-1 expressing cells (43). They also showed that WiDr cells, a variant colon 

carcinoma line expressing only the secreted proteoglycan perlecan, were able to bind, 

internalize, and degrade LPL-enriched lipoproteins (44). In another study, transfection 

of an antisense oligonucleotide to syndecan-1 and treatment with an antibody against 

syndecan-1 decreased the binding of remnant particles to human HepG2 hepatoma 

cells by 50–70% (45). 

A recent study in syndecan-1 knockout mice (Sdc1–/–) has provided genetic 

evidence that syndecan-1 is the primary heparan sulfate proteoglycan that mediates the 

clearance of triglyceride-rich lipoproteins in vivo (46). In the fasted state, Sdc1-

deficient mice accumulate triglycerides in approximately twofold excess compared to 

the wild type, but have normal cholesterol levels (Table 1-1). The accumulated 

particles consist of chylomicron remnants, VLDLs, and IDLs containing ApoB100, 
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ApoB48, ApoE, ApoAI, and ApoCs. The clearance of intestinally derived 

chylomicrons is delayed in Sdc1–/– mice, and restoring syndecan-1 expression in the 

liver, using adenovirus, corrects the postprandial clearance defect in vivo. Though 

these results disagree with a previous study in which infection with an adenovirus 

containing syndecan-1 caused hypertriglyceridemia (47), the disparity may have been 

caused by differences in viral load between the two studies, timing of lipid analysis 

relative to viral infection, or acute liver injury caused by the virus. Importantly, 

syndecan-1 facilitates uptake and degradation of labeled VLDL in cultured 

hepatocytes. Taken together, these findings suggest that syndecan-1 is the long sought-

after receptor that works in parallel with Ldlr in the clearance of triglyceride-rich 

lipoproteins in vivo. 

 

Table 1-1: Fasting lipid levels in heparan sulfate biosynthetic and proteoglycan 
mutant mice. 
 

Genotype Triglycerides 
(mg/dL) 

Cholesterol 
(mg/dL) 

Reference 

Wildtype 38 - 58  70 - 98 (46, 48, 49) 
Ndst1f/fAlbCre+ 91.7 ± 35.0 81.4 ± 9.1 (48) 
Hs2stf/fAlbCre+ 100 ± 10 98 ± 4 (49) 
Hs6st1f/fAlbCre+ 80 ± 27  (49) 
Sdc1-/- 95 ± 11 70 ± 1 (46) 
Sdc3-/- 49 ± 8  (46) 
Sdc4-/- 59 ± 11  (46) 

 
Abbreviations: Ndst1, N-acetyl-D-glucosamine N-deacetylase/N-sulfotransferase 1; 
Alb, albumin; Cre, Cre recombinase; Sdc, syndecan; Hs2st, uronyl 2-O-
sulfotransferase; Hs6st1, glucosaminyl 6-O-sulfotransferase 1.  
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1.4 Syndecan-1 structure and regulation 

Syndecan-1 is a type-I transmembrane proteoglycan, containing three 

extracellular attachment sites for heparan sulfate and two for chondroitin sulfate 

(Figure 1-1; Ref. (50)). Occupation levels of these sites varies in different cell types 

(51), but its most active form contains heparan sulfate at all three N-terminal sites (52, 

53). Syndecan-1 was first described by Bernfield and colleagues in mammary 

epithelial cells (54, 55) and has diverse functions in cell adhesion and motility (56), 

tumorigenesis (57), and microbial infection (58). Syndecan-1 contains a 

juxtamembrane cleavage site (59), allowing protease-mediated shedding of the 

ectodomain and glycosaminoglycan chains (60). 

 As syndecan-1 plays a major role in the clearance of triglycerides, the 

regulation of its expression and activity are of great interest. Syndecan-1 expression is 

partially controlled by nuclear hormone receptors. These receptors are activated by 

small, lipophilic ligands and subsequently translocate into the nucleus to alter gene 

expression (62). The farnesoid-X-receptor (FXR) has been shown to bind a 

nonconsensus DR-1 element in the syndecan-1 promoter and to increase expression of 

the SDC1 gene in HepG2 human hepatoma cells (63). FXR agonists increased 

binding, uptake, and degradation of radiolabeled methylated LDL, a chemically 

modified form of LDL that no longer binds to LDLR or LRP. Though FXR modulates 

expression of other factors involved in lipoprotein metabolism, including APOCII (64) 

and APOE (65), regulation of syndecan-1 by FXR might also contribute to lipoprotein 

uptake in humans. Syndecan-1 expression in prostate cells is also controlled by 

peroxisome proliferator-activated receptor gamma (PPARγ), another nuclear hormone 
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receptor (66). Syndecan-1 mRNA was increased in the prostate gland of animals fed 

an n-3 polyunsaturated fatty acid-enriched diet. Similar effects were noted in the 

human prostate cancer cell line, PC-3. This effect was mimicked by a PPARγ agonist, 

troglitazone, and inhibited in the presence of a PPARγ antagonist. PPARγ-mediated 

regulation of syndecan-1 was also seen in human breast cancer cells treated with n-3 

fatty acid-enriched LDLs (67). Whether PPARs influence syndecan-1 expression in 

hepatocytes is not known. These findings suggest that the ability of dietary n-3 fatty 

acids to ameliorate hypertriglyceridemia in patients may be partially due to the 

enhanced expression of syndecan-1. 

 

 

 

 

 

 

 

 

Figure 1-1: Syndecan-1. Syndecan-1 is a type-1 transmembrane protein bearing up to 
three heparan sulfate and two chondroitin/dermatan sulfate chains. It undergoes 
proteolytic cleavage, resulting in shedding of the large extracellular domain bearing 
the GAG chains. The short cytoplasmic tail interacts with a number of cytosolic 
proteins and may play a role in Sdc1 endocytosis. A lipoprotein is shown binding to 
the heparan sulfate chains via the interaction of short sulfated domains with 
apolipoproteins or lipases depicted by the large hexagon and pentagon. The GAG 
chains were rendered using the symbol nomenclature described in Ref. (61).  
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 Syndecan-1 function is also regulated by proteolytic shedding. Proteolysis of 

syndecan-1 at a specific juxtamembrane cleavage site between amino acids A243 and 

S244 releases the extracellular ectodomain containing the glycosaminoglycan chains 

(59). Various metalloproteinases mediate syndecan-1 ectodomain shedding, including 

MMP-7 in lung epithelial cells (68), MMP-9 in HeLa cells and primary macrophages 

(69), and MMP-14 in HEK293T and HT1080 cells (70). Even though syndecan-1 

shedding can occur constitutively, shedding is induced following the activation of both 

G-protein coupled receptors and protein tyrosine kinases by specific agonists, 

including thrombin and epidermal growth factor (71). Other shedding agonists include 

bacterial virulence factors (72) and phorbol esters such as phorbol myristic acid 

(PMA) (73). Although the biological significance of syndecan-1 shedding is unclear, it 

is often thought to attenuate syndecan-1 function. For example, syndecan-1 shedding 

protects against tissue damage during the inflammatory response by modulating the 

availability of chemokines (74). 

 Although syndecan-1 shedding has not been characterized in the liver, 

syndecan-1 ectodomains accumulate in conditioned media from cultured primary 

hepatocytes (75). Syndecan-1 shedding from hepatocytes may be a mechanism to 

downregulate its activity as a cell-surface endocytic receptor, but this process would 

increase the local concentration of free ectodomains in the space of Disse. Such free 

ectodomains might sequester triglyceride-rich lipoproteins in circulation and prevent 

their diffusion out of the space, or they might compete with cell-surface syndecan-1 or 

other receptors for lipoprotein binding. Thus, the functional significance of syndecan-

1 shedding in the liver and the identification of the hepatic ‘‘sheddase’’ require further 
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study. Small molecules or antibodies that inhibit syndecan shedding may prove to be 

useful research tools or may have pharmacological relevance in the treatment of 

dyslipidemias.  Syndecan-1 shedding is discussed further in Chapter 2. 

Syndecan-1 is also regulated in an ‘‘inside-to-outside’’ manner via its 

cytoplasmic domain. The 34-amino acid cytoplasmic domain consists of two constant 

regions (C1 and C2) that are conserved among the four syndecan family members 

(50). The membrane-proximal region (C1) is thought to mediate syndecan 

dimerization and ligand binding (76, 77). The C2 region interacts with cytoskeletal 

proteins (78) and terminates in an EYFA domain that can bind the PDZ (postsynaptic 

density protein, Drosophila disc large tumor suppressor, and zonula occludens-1 

protein) domain-containing proteins (79, 80). C1 and C2 flank a syndecan-specific 

variable region (V) that is believed to direct individual functions of the family 

members. The cytoplasmic domains of all syndecans contain four invariant tyrosine 

residues. Some studies have suggested that tyrosine phosphorylation promotes 

syndecan-1 shedding (81, 82). Another study reported that mutations in the tyrosine 

residues abrogates shedding, but that this inhibition occurred in a phosphorylation-

independent manner (83). Also, these investigators found that the small GTPase Rab5 

directly interacts with the cytoplasmic domain and acts as a molecular switch that 

regulates syndecan-1 shedding. It remains to be determined if cytoplasmic domain 

signaling regulates syndecan-1 endocytosis as well. 
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1.5 Structural features of heparan sulfate required for lipoprotein binding 

and clearance 

 Liver heparan sulfate is unique in its structure. The chains contain 

approximately 1.34 sulfates per disaccharide (84), which is roughly twice the amount 

observed in other mouse and human tissues but less than heparin (2–2.5 sulfates per 

disaccharide) (85). Liver heparan sulfate is rich in N-sulfated glucosamine and 2-O-

sulfated iduronic acid, and contains a high proportion of trisulfated disaccharides 

(D2S6, disaccharide code described in Ref. (86)). The average chain is approximately 

40–60 disaccharides long (Mr 14,000–22,000) (84, 87), which is shorter than heparan 

sulfate chains found in other tissues. These modified sugar residues are not equally 

dispersed throughout the chain and the highly sulfated disaccharides are clustered 

furthest (distal) from the protein core (84). 

 Studies using mutant mice with defects in heparan sulfate biosynthesis have 

identified structural features of the chains that are required for lipoprotein binding. 

One study focused on the enzyme N-acetylglucosamine N-deacetylase/N-

sulfotransferase-1 (NDST1), which removes acetyl groups from subsets of N-

acetylglucosamine residues and adds sulfate to the free amino groups. Systemic 

inactivation of Ndst1 in mice results in perinatal lethality due to brain, lung and other 

defects (88-90). To study the effect of inactivating Ndst1 in triglyceride-rich 

lipoprotein clearance, a mouse bearing a conditional allele of Ndst1 was cross-bred to 

mice expressing the bacterial Cre recombinase under the control of the liver specific 

albumin promoter (AlbCre). Ndst1f/fAlbCre+ mice were viable and fertile (48) and 

have a phenotype that is essentially identical to Sdc1–/– mice (49); they accumulate 
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fasting triglycerides approximately two-fold (Table 1-1) and show delayed clearance 

of postprandial chylomicrons and injected human VLDL. 

 The deletion of Ndst1 in hepatocytes decreased overall sulfation of heparan 

sulfate by approximately 50% (48). Significant changes in disaccharide composition 

were also observed, as initial N-deacetylation and N-sulfation of N-acetylglucosamine 

residues are coupled to subsequent uronyl 2-O-sulfation and glucosaminyl 6-O-

sulfation (91). N- and 2-O-sulfation of heparan sulfate isolated from highly purified 

Ndst1f/fAlbCre+ hepatocytes was decreased significantly compared to wildtype cells 

(decreased from 38 sulfate groups/100 disaccharides to 18 for N-sulfates and 17 

sulfate groups/100 disaccharides to 4 for 2-O-sulfate groups, respectively). However, 

the abundance of 6-O-sulfated disaccharides was not significantly affected (31 sulfate 

groups/100 disaccharides in mutants vs. 26 in the wild type). 

Accumulation of triglyceride-rich lipoproteins in Ndst1f/fCre+ mice might have 

been caused by specific changes in heparan sulfate fine structure or simply by an 

overall reduction in charge. To address this question, plasma triglyceride levels were 

measured in mice with hepatocyte specific inactivation of either uronyl 2-O-

sulfotransferase (Hs2stf/fAlbCre+) or glucosaminyl 6-O-sulfotransferase-1 

(Hs6st1f/fAlbCre+) (49). As expected, Hs2stf/fAlbCre+ mice have dramatically reduced 

levels of 2-O-sulfated disaccharides (4 sulfate groups/100 disaccharides in mutants vs. 

21 in wild-type littermates). These mice accumulate plasma triglycerides (Table 1-1) 

and have delayed clearance of intestinally derived chylomicrons and injected human 

VLDLs to approximately the same extent as observed in Ndst1f/fAlbCre+ and Sdc1–/– 

mice. In contrast, the Hs6st1f/fAlbCre+ mice do not exhibit any changes in plasma 
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triglycerides. The lack of phenotype might reflect a partial reduction in glucosamine 6-

O-sulfation in Hs6st1f/fAlbCre+ hepatocytes due to the expression of other Hs6st 

isoforms or the enrichment of trisulfated disaccharides (92). However, 6-O-desulfated 

heparin competed for lipoprotein binding, at the surface of primary hepatocytes, to the 

same extent as unmodified heparin, whereas heparinoids lacking N-sulfate and 2-O-

sulfate groups did not block binding. Taken together, these data demonstrate that 

plasma triglyceride-rich lipoprotein binding and uptake depends less on overall charge 

of the chains, and more on uronic acid 2-O-sulfation and glucosamine N-sulfation, 

with overall glucosamine 6-O-sulfation making little contribution. However, it has 

been suggested that specific 6-O-sulfate groups might be important (93).  

 

1.6 Apolipoprotein and lipase interactions with heparan sulfate  

 The binding of heparan sulfate to protein ligands occurs through electrostatic 

interactions between the negatively charged sulfates and carboxyl groups on the 

polysaccharide with their complementary positively charged domains in the protein. 

These interactions are often highly specific; binding sites usually consist of 8–12 sugar 

residues with patterned arrangements of sulfated sugars and uronic acid epimers (91). 

This raises the question as to the identity of the apolipoprotein ligand on remnant 

lipoproteins that mediates binding to heparan sulfate. The binding sequences for LPL 

and APOE have been identified (Table 1-2) (94-97). However, care must be taken in 

interpreting these findings, since the physiological relevance of these interactions to 

remnant clearance has not been established in vivo through the study of mutants. 
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Table 1-2: Apolipoproteins and lipases that bind heparin/heparan sulfate (from (98)). 
 

Ligand Binding Specificity References 
APOE Sequences rich in GlcNS6S-

IdoA2s; heparin binding domains 
mapped 

(94, 95, 98, 99) 

APOB Unknown, but interacts with 
heparan sulfate and heparin; 

heparin binding domains mapped 

(100-102) 

Hepatic Lipase Heparin oligosaccharides; heparin 
binding domains mapped 

(103-105) 

Lipoprotein 
Lipase 

Affinity for sequences rich in 
GlcNS6S-IdoA2S, modestly 

sulfated sequences 

(96, 106) 

Endothelial 
Lipase 

Interacts with heparan sulfate (107, 108) 

APOAV Interacts with heparin (109) 
 

Interestingly, the diameter of a remnant triglyceride-rich lipoprotein particle is 

40–80 nm (84, 87), and is approximately equal to the extended length of a heparan 

sulfate chain in the liver. Given their relatively large size, it is possible that 

lipoproteins require multiple interactions with heparan sulfate to bind with sufficient 

affinity to stabilize the lipoprotein–proteoglycan complex before endocytosis. This 

might be achieved by simultaneous engagement with multiple heparan sulfate 

chains—a ‘‘proteoglycan hug’’ (Figure 1-1). The unique ability of syndecan- 1 to bind 

and internalize remnant lipoproteins might therefore stem from the fact that its 

ectodomain contains three sites for heparan sulfate attachment. Syndecan- 1 can also 

multimerize (77), and thus increase the local concentration of heparan sulfate chains 

around a ligand. Notably, several studies have reported that syndecan-1 clustering 

precedes endocytosis (43, 110), suggesting that lipoproteins may bind to and cluster 

multiple syndecan-1 molecules before internalization. 
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 Many triglyceride-rich lipoprotein-associated proteins, including APOE, 

APOB100, APOB48, LPL, and HL bind heparin. Whether the binding of lipoproteins 

to heparan sulfate is mediated by a specific protein ligand has not been conclusively 

demonstrated. One theory, known as the ‘‘secretion-capture’’ hypothesis, suggests that 

APOE produced by hepatocytes enriches lipoproteins in the space of Disse and acts as 

a ligand for clearance through proteoglycans (111). Indeed, heparan sulfate chains 

isolated from proteoglycans produced by Ndst1f/fAlbCre+ hepatocytes show decreased 

binding to APOE. However, some genetic studies do not support the conclusion that 

APOE is the primary ligand for heparan sulfate-mediated clearance. ApoE deficient 

mice have elevated levels of triglyceride-rich lipoproteins, but interbreeding these 

mice with Ldlr–/– mice showed that nonfasting plasma triglyceride levels were similar 

in Ldlr–/–ApoE–/– compound mutants and single mutants deficient in Ldlr or ApoE 

(112). The lack of an additive effect in these compound mutants suggests that ApoE-

dependent clearance of remnant particles was mediated mostly via Ldlr. 

 APOB, a key structural component of both the intestine- and liver-derived 

lipoproteins, might also serve as a ligand for syndecan-1-mediated uptake. In humans, 

full length APOB100 is made by the liver while truncated APOB48 is made in 

enterocytes of the small intestine as a result of mRNA editing. In mice, both these 

forms are made in the liver. Veniant and colleagues made mutant mice that expressed 

only one of the ApoB isoforms (113). Both ‘‘ApoB48-only’’ and ‘‘ApoB100-only’’ 

mice produced and cleared VLDLs and chylomicrons. However, when each of these 

mice was bred with Ldlr-deficient mice, fasting plasma triglyceride accumulated to a 

greater extent when ApoB48 was lacking (i.e., in the ApoB100-only mice). Thus, 
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syndecan-1 may mediate clearance via ApoB48, an idea that can be tested by breeding 

syndecan-1 deficient mice with ApoB48-only mice. 

 LPL is thought to have a ‘‘bridging function,’’ independent of its enzymatic 

activity. LPL is made by muscle and adipose tissue, transported to the capillary lumen, 

and anchored there by GPIHBP1 (1). LPL can become associated with lipoproteins in 

the blood whence it travels with them back to the liver. Heeren et al. showed that 

triglyceride-rich lipoproteins isolated from patients with catalytically inactive LPL 

were cleared after injection into mice and enrichment with inactive LPL further 

enhanced hepatic clearance by 35%. Furthermore, catalytically inactive LPL expressed 

in muscle in transgenic mice also caused greater hepatic uptake by a comparable 

amount (114). In other studies, LPL-enriched chylomicrons were shown to bind to 

HepG2 cells 30-fold better than nonenriched particles, and heparan lyase treatment 

abolished this enhanced binding (115, 116). Similar observations have been made in 

syndecan-1 transfected CHO cells using methylated LDL enriched with LPL. 

Further genetic studies using mice deficient in various combinations of the lipoprotein 

receptors and ligands will be necessary to characterize interactions between heparan 

sulfate and lipoproteins. 

 

1.7 Syndecan-1 is the primary proteoglycan receptor in the liver 

 Mouse hepatocytes contain mRNA for eight heparan sulfate proteoglycans 

including the membrane proteoglycans syndecan-1, -2, and -4, glypican-1 and -4, and 

the secreted proteoglycans perlecan, agrin, and collagen XVIII (46). Of the available 

mutant mice, only syndecan-1 (46) and collagen XVIII deficient mice accumulate 
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fasting triglycerides (117). Crossbreeding mutants deficient for syndecan-1 and Ndst1 

(Sdc1–/–Ndst1f/fAlbCre+) did not accentuate triglyceride accumulation beyond levels 

observed in each single mutant, indicating that syndecan-1 is the primary proteoglycan 

receptor mediating binding, uptake, and degradation of triglyceride-rich lipoproteins in 

the liver (46). Characterization of the systemic collagen XVIII null mouse supports 

this conclusion, as hyperchylomicronemia in this mouse is not caused by clearance 

defects in the liver, but instead by the altered secretion of Lpl and altered lipolysis in 

peripheral tissues (117). 

 Though selective ablation of liver heparan sulfate causes a twofold 

accumulation of triglyceride-rich lipoproteins, mice with an endothelial deficiency in 

Ndst1 expression (Ndst1f/fTie2Cre+) do not accumulate triglycerides (48). This finding 

supports the idea that only hepatocyte heparan sulfate binds to lipoprotein particles 

and mediates their clearance. The liver contains other cell types, including stellate 

cells and Kupffer cells. Both cell types produce heparan sulfate proteoglycans (118-

120), but their contribution to lipoprotein sequestration, processing, and eventual 

clearance is unknown. 

As syndecan-1 is found in other cell types, we wondered why hepatic 

syndecan-1 mediates clearance, while syndecan-1 in other tissues does not. On the 

hepatocyte surface, syndecan-1 is specifically localized to the space of Disse (41, 42, 

46). Thus, it is poised in a unique environment where the relative concentration of 

both lipoproteins and ligands is high. The local concentration of syndecan-1 may be 

substantially higher here, than in other tissues. Another possibility is that the relatively 

high levels of sulfation observed in liver heparan sulfate create more binding sites for 
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the triglyceride-rich lipoproteins. Liver HS is especially rich in N- and 2-O-sulfation, 

modifications that are required for lipoprotein binding and uptake (48, 49). The degree 

of substitution of the core protein could also be a variable. 

 

1.8  Relative contribution of syndecan-1 to clearance 

 As noted above, there are at least three major receptors involved in the hepatic 

clearance of triglyceride-rich lipoproteins: LDLR, LRP1, and syndecan-1. The relative 

contribution of each receptor to lipoprotein clearance has not been determined in vivo. 

Before the identification of syndecan-1 as a receptor, pharmacological inhibition of 

LDLR family members was used to address this question. Mice injected with a LDLR-

blocking antibody exhibited a 45% decrease in rapid removal of remnant particles 

from the plasma and also a 45% decrease in liver uptake (121). Treatment with 

exogenous receptor associated protein (RAP), which blocks binding to LRP1, 

decreased remnant clearance by about 55% and reduced liver uptake by 70%. 

However, RAP also binds to heparan sulfate proteoglycans and with low affinity to the 

LDLR, making these results hard to interpret. Indeed, co-treatment with both the 

LDLR-blocking antibody and RAP did not result in an additive accumulation, 

suggesting that RAP may have decreased uptake by blocking multiple receptors. 

 Additional insight has been gained by the analyses of mice bearing paired 

mutations in triglyceride-rich lipoprotein receptors. Crossbreeding Ndst1f/fAlbCre+ 

mice with Ldlr–/– mice resulted in a larger accumulation of triglycerides than observed 

in either of the individual mutant mice (48), suggesting that these two receptors work 

independently and may partially compensate for one another. Furthermore, cholesterol 
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levels were accentuated in the compound mutant compared to mice lacking only the 

Ldlr. Thus, HSPGs may participate in the clearance of cholesterol-rich lipoproteins, 

independent of LDLR. The relative contribution of HSPGs, LDLR, and LRP1 is 

addressed by new studies presented in Chapter 3. 

 The number of proteoglycan binding sites for VLDL on the hepatocyte surface 

is approximately 100-times greater than the number of LDLR molecules (46). Based 

on this difference in receptor number, it seems as though syndecan-1 may have a 

greater contribution to clearance. However, endocytosis of LDLR occurs by clathrin-

mediated pathways and is rapid, with receptors having a half-life of approximately 5–

10 minutes on the cell surface (122). Syndecan-1 lacks the hallmarks of a classical 

clathrin-mediated receptor, and has been reported to enter the cell by a lipid raft 

pathway with relatively slow kinetics (t1/2 ~ 20–60 minutes) (110, 123-125). Thus, 

compared to LDLR, syndecan-1 constitutes a low-affinity, high-capacity uptake 

system. The fact that both Sdc1–/– and Ldlr–/– mice accumulate triglycerides suggests 

that they cannot fully compensate for one another, possibly because they recognize 

different subsets of particles which differ in their apolipoprotein composition or size. 

Nevertheless, the synergistic effect of compounding mutations in Ldlr and Sdc1 would 

suggest that they also clear a common pool of triglyceride-rich lipoproteins. The 

differences in receptor preference and the nature of the subsets of particles remain 

unknown. 

Several groups have proposed that proteoglycans mediate a multi-step 

internalization process involving triglyceride-rich lipoprotein binding and subsequent 

transfer to the LRP1 before endocytosis (126, 127). It is still unclear whether such 
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‘‘lipoprotein handoff’’ occurs, but ample evidence suggests that syndecan-1 and other 

heparan sulfate proteoglycans can act independently as endocytic receptors for a 

variety of natural and synthetic ligands (128-130). Syndecan-1 has been shown to 

mediate uptake of APOE-VLDL, independently of LRP1, in a LDLR-deficient cell 

line (124), and LRP1 mediates endocytosis of non-lipoprotein ligands independent of 

heparan sulfate proteoglycans (131). Additionally, mice with a liver specific ablation 

of Lrp1 do not accumulate triglycerides unless stressed with a high fat diet (14), but 

syndecan-1 deficient mice fed normal chow accumulate triglycerides (46). It is likely, 

therefore, that the two receptors work independently to clear triglycerides under 

normal conditions. 

 

1.9  Conclusion  

Hypertriglyceridemia increases the risk of atherosclerosis, coronary artery 

disease, and pancreatitis and thus much interest exists in understanding the genetic and 

environmental factors that contribute to dyslipidemia (132-137). Genetic data showing 

that heparan sulfate proteoglycans act as independent receptors for the clearance of 

triglyceride-rich lipoproteins in the liver provides new insights into the role of hepatic 

receptors and opens up many new avenues for research. For example, changes in 

heparan sulfate abundance and structure may be an underlying cause of human 

dyslipidemias caused by hormone therapy, drug treatment, obesity, and metabolic 

syndrome. Some familial human dyslipidemias may be explained by polymorphisms 

in genes encoding proteoglycan core proteins and enzymes involved in heparan sulfate 

biosynthesis. Based on the findings that have emerged from studies of syndecan-1 and 
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heparan sulfate-deficient mice, we predict that studies of other genes in the system 

will yield new insights into the role of heparan sulfate proteoglycans in lipid clearance 

and other aspects of lipid metabolism in extrahepatic tissues. 
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CHAPTER 2 

Identification and characterization of syndecan-1 as a clearance receptor for 

triglyceride-rich lipoproteins. 

 

2.1  Summary 

We have previously shown that, under normal physiological conditions, 

hepatic heparan sulfate proteoglycans play a crucial role in the clearance of both 

intestinally derived and hepatic lipoprotein particles in mice (1). To set the stage for 

further mechanistic studies of TRL uptake and processing, we endeavored to 

determine whether one specific heparan sulfate proteoglycan is specialized to mediate 

clearance.  The purpose of this chapter is to describe the identification of syndecan-1 

as the primary proteoglycan receptor in mice, and to discuss various avenues through 

which we have characterized the function of syndecan-1 in this context.  The data in 

this chapter demonstrates the contribution of syndecan-1 to clearance in mice and in 

primary and immortalized human hepatocytes.  Next, this chapter explains our 

preliminary structure/function studies of syndecan-1 as a TRL clearance receptor.  

Finally, the influence of syndecan-1 in hypertriglyceridemia associated with diabetes 

and sepsis is discussed.   

 

2.2  Syndecan-1 is the primary proteoglycan receptor in mice  

Inactivation of the heparan sulfate biosynthetic enzyme GlcNAc N-

deacetylase/N-sulfotransferase 1 (Ndst1) in the liver using the Cre-LoxP system 

(Ndst1f/fAlbCre+) leads to elevated fasting triglycerides and persistence of postprandial 
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triglycerides in mice (1). Triglyceride-rich lipoprotein (TRL) synthesis is not affected 

in these mice, and hypertriglyceridemia results from a defect in hepatic clearance.  The 

identity of the physiologically relevant hepatic heparan sulfate proteoglycan (HSPG) 

that mediates TRL remnant particle clearance cannot be determined by studies of 

Ndst1f/fAlbCre+ mice, however, because this mutation affects the sulfation of all 

hepatic proteoglycans. By quantitative real-time PCR, we determined that freshly 

isolated murine hepatocytes express the membrane proteoglycans syndecans-1, -2, and 

-4, and glypicans-1 and -4 (Figure 2-1) and the extracellular matrix proteoglycans 

collagen-18 and perlecan.  Thus, to identify the relevant receptor, we examined mice 

lacking individual proteoglycans. Of the available mutants, only collagen-18 and 

syndecan-1 deficient mice accumulate triglycerides (Figure 2-1). Syndecan-3 is not 

expressed in the liver, but it serves as a control.  Collagen-18 is a basement membrane 

proteoglycan found in vascular tissues.  Mice lacking collagen-18 have mild 

hyperchylomicronemia, resulting not from hepatic clearance defects, but instead from 

altered secretion of LPL and altered lipolysis in the periphery (2).  Thus, syndecan-1 

emerged as a candidate receptor for TRL clearance, and this protein became the focus 

of the following studies.  
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Figure 2-1: RT-PCR analysis of membrane HSPGs and hypertriglyceridemia in Sdc1-

/- mice. (top) Transcript levels of the membrane proteoglycan core proteins were 
measured in isolated hepatocytes. The numbers represent the level of expression 
compared with the housekeeping gene β-actin using CT values from triplicate assays 
according to the Stratagene manual. Error bars are not shown because they are 
factored into the final calculation. Comparable results were obtained in 2 independent 
preparations of RNA. (bottom left) Triglycerides were measured in plasma samples 
from fasted male and female mice of indicated genotypes. Wildtype (n = 14), Sdc1-/-(n 
= 13), Sdc3-/- (n = 10), Sdc4-/- (n = 8). Horizontal bars indicate mean values. (bottom 
right) Retro-orbital sinus blood was taken from wild-type and collagen 18 knockout 
(Col18a-/-) mice after fasting the animals for 4 hrs in the morning.  Total plasma 
triglycerides were compared between mutant and wild-type (n = 10 mice, unpaired t-
test, P < 0.0001) and results were repeated.  This figure is reproduced from (2). 
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Like Ndst1f/fAlbCre+ mice, Sdc1-/- mice exhibited prolonged circulation of 

injected human VLDL and intestinally derived chylomicrons. Crossbreeding mutants 

defective in syndecan-1 and Ndst1 (Sdc1-/-Ndst1f/fAlbCre+) did not accentuate 

triglyceride accumulation beyond the level observed in each single mutant (Figure 2-

2), indicating that syndecan-1 is, in fact, the primary proteoglycan clearance receptor 

in the liver.  Immunoelectron microscopy showed expression of syndecan-1 on the 

microvilli of hepatocyte basal membranes facing the space of Disse where lipoprotein 

uptake occurs (3). We also showed that syndecan-1 receptors on hepatocytes exhibit 

saturable binding and inhibition by heparin, and facilitate degradation of labeled 

VLDL in vitro.  This study provided the first genetic evidence that syndecan-1 is the 

primary proteoglycan clearance receptor in the liver.    
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Figure 2-2: Hypertriglyceridemia and delayed clearance of dietary lipids in Sdc1-/- 
and Ndst1f/fAlbCre+ mice are not additive traits. (left panel) Plasma triglycerides were 
measured in plasma samples from fasted mice. There was no difference in plasma 
triglycerides in Sdc1-/-Ndst1f/fAlbCre+ (triangles, n = 9), Sdc1-/-Ndst1f/fAlbCre- (open 
circles, n = 7), and Ndst1f/fAlbCre+ (squares, n = 7) mice, although all 3 genotypes 
were significantly elevated above the wildtype, Ndst1f/fAlbCre- (closed circles, n = 13). 
Horizontal bars indicate mean values. (right panel) Retinol ester excursions were 
measured at the times indicated in wildtype (filled circles, n = 3),  Sdc1-/- (open circles, 
n = 3), Ndst1f/fAlbCre+ (squares, n = 3), and Sdc1-/-Ndst1f/fAlbCre+ (triangles, n = 3) 
mice. Animals were fasted for 4 hours in the morning and given 200 µl of corn oil 
containing [3H]retinol by oral gavage. Blood samples were taken at the indicated 
times, and radioactivity remaining in 10 µl of serum was determined by scintillation 
counting. The values are expressed as mean ± SD.  The areas under the curves were 
4100 ± 1200 for wildtype, 8400 ± 300 for Sdc1-/-, 8300 ± 400 for Ndst1f/fAlbCre+ and 
6900 ± 1000 for Sdc1-/-Ndst1f/fAlbCre+ mice. Clearance was significantly delayed in 
the Sdc1-/- mice compared with wildtype (P < 0.01), whereas the difference observed 
between Sdc1-/- and Sdc1-/-Ndst1f/fAlbCre+ animals was not significant (P = 0.1373). 
 

2.3  Syndecan-1 mediates clearance of TRLs in human hepatocytes 

 After we identified syndecan-1 as the primary proteoglycan receptor in mice, 

we explored whether it contributes to clearance of TRLs in human hepatocytes. To 

this end, we silenced syndecan-1 expression in Hep3B cells, a cell line derived from a 

well-differentiated human hepatocellular carcinoma (4), using specific siRNAs.  We 

then used these cells to measure binding and uptake of VLDL labeled with DiD (1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanide perchlorate), a fluorescent tracer.  
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DiD-VLDL binding at 4°C and uptake at 37°C was reduced in cells treated with 

syndecan-1 siRNAs compared to cells treated with a scrambled siRNA (Figure 2-3). 

Binding and uptake were diminished to a greater extent by heparin lyase digestion, 

suggesting that either the extent of syndecan-1 silencing was incomplete or that other 

HSPGs in human hepatocytes also can mediate binding and uptake. In addition to 

syndecan-1, human hepatocytes express the membrane proteoglycans syndecan-2 and 

-4, and glypican-1 and -4, and the extracellular matrix proteoglycans perlecan, 

collagen-18, and agrin (5, 6).  Silencing of syndecan-4 did not result in reduction of 

binding, but other proteoglycans have not been examined. The residual heparin lyase-

insensitive component of binding/uptake presumably reflects other receptors, most 

likely LDL receptors and one or more members of the family of LDLR-related 

proteins.  

  

 

 
 
 
 
 

 

 

Figure 2-3: VLDL binding and uptake by human Hep3B hepatoma cells after siRNA-
mediated knockdown of Sdc1. Cells were treated with a scrambled siRNA (sc-siRNA, 
open bars), siRNA to syndecan-1 (siSDC-1, filled bars), or heparin lyase (hatched 
bars). Binding (left panel) and binding/uptake (right panel) were measured by 
incubating treated cells with 100 µg/mL DiD-VLDL for 1 hour (n=4). The values 
represent the average fluorescence intensity normalized to cell protein. Error bars 
indicate standard deviation. 
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We further examined the role of syndecan-1 in TRL clearance in normal 

primary human hepatocytes, which also bind DiD-VLDL in a heparan lyase-sensitive 

manner (Figure 2-4).  In primary human hepatocytes, as in other cell types, syndecan-

1 ectodomains are released from the cell surface via proteolytic shedding, resulting in 

the appearance in the medium of the extracellular domains of the protein containing 

the ligand-binding heparan sulfate chains.  Shedding occurs constitutively from human 

hepatocytes, but can also be induced using phorbol myristic acid (PMA) (7).  Given 

that syndecan-1 mediates TRL binding and uptake in Hep3B cells (Figure 2-3), we 

predicted that PMA-induced syndecan-1 shedding would affect VLDL binding and 

uptake in primary human hepatocytes.  In primary human hepatocytes, PMA treatment 

reduced VLDL binding and uptake by approximately 50% compared to untreated cells 

(Figure 2-4).  Treatment with heparin lyases reduced VLDL binding and uptake to a 

greater extent, most likely because of incomplete removal of proteoglycan receptors 

from the cell surface by PMA-induced shedding.  Shed ectodomains did not inhibit 

binding when purified and added to fresh cells at their original concentration.  PMA 

can also induce shedding of LRP1, another TRL receptor, which might account for 

some decrease in binding (8, 9).   
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Figure 2-4: PMA-induced shedding reduces VLDL binding and uptake. Hep3B cells 
(A,B) and primary human hepatocytes (C,D) were treated with 0.25 µM PMA for 1 
hour (filled bars) or heparin lyase for 30 minutes (hatched bars) and then incubated 
with DiD-VLDL (100 µg/ mL) for 1 hour at 4°C for binding (A,C) or at 37°C for 
binding and uptake (B,D). The fluorescence intensity was quantitated and normalized 
to cell protein. Control cells were not treated with PMA (open bars). All values 
represent the average ± standard deviation (n = 3). 
 

Because syndecan-1 interacts with ligands via its heparan sulfate chains, we 

predicted that shed syndecan-1 ectodomains from hepatocytes would retain the 

capacity to bind VLDL. To test this hypothesis, we incubated hepatoma cells with 

[35S]O4 to radiolabel the heparan sulfate chains on syndecan-1, triggered shedding 

with PMA, and purified the 35S-labeled ectodomains from the medium by anion 

exchange chromatography. The 35S-labeled ectodomains were then mixed with VLDL, 

placed at the bottom of centrifuge tubes, and overlaid with a solution of iodixanol (δ = 
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1.019 g/mL). Ultracentrifugation resulted in the appearance of!~65% of counts in the 

top four fractions, whereas in the absence of VLDL, less than 5% of the counts were 

found in the top fractions (Figure 2-5). Dot blot analysis of the pooled top four 

fractions showed syndecan-1 ectodomains were present in samples containing VLDL 

(Figure 2-5, inset). Inclusion of 50 µg of heparin in the binding solution reduced the 

recovery of 35S-labeled ectodomains in the top fractions, consistent with the idea that 

heparin prevented the association of the particles with the heparan sulfate chains on 

the ectodomains. Interestingly, when the mixture of VLDL and 35S-labeled 

ectodomains was overlaid with a lower density solution (δ = 1.006 g/mL), flotation of 

[35S]ectodomains did not occur (data not shown), consistent with the idea that the 

association of ectodomains with VLDL caused a shift in the buoyant density of the 

complex. 

 

 

 

 

 

 

 

Figure 2-5: Shed syndecan-1 binds VLDL. [35S]-Labeled syndecan-1 ectodomains 
were combined with 50 µg of human VLDL in the presence (squares) or absence 
(filled circles) of 50 µg of heparin. A sample of ectodomains was incubated with 
buffer alone as a control (open circles). The samples were then adjusted to δ = 1.019 
g/mL with iodixanol and centrifuged. Fractions taken sequentially from the top of the 
tubes were assayed for radioactivity and syndecan-1 ectodomains (embedded dot blot 
figure). 
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Taken together, the experiments revealed an important role for syndecan-1 as a 

clearance receptor for TRLs in human hepatocytes, and showed that syndecan-1 

shedding in these cells abrogates syndecan-1-mediated binding and uptake.  

 

2.4  Structure/function analysis of syndecan-1 

We know that TRLs bind to the heparan sulfate chains on syndecan-1 because 

primary mouse hepatocytes treated with heparan lyases bind and internalize 

significantly less DiD-VLDL than untreated cells (Figure 2-3), and shed syndecan-1 

ectodomains fail to bind VLDLs in the presence of heparin (Figure 2-5).  However, 

because syndecan-1 is unique among HSPGs in its ability to mediate clearance of 

TRLs, we wondered whether any syndecan-1-specific protein domains or features 

were also essential for clearance. To this end, we embarked on a structure/function 

analysis of syndecan-1.  

 

2.4.1  Rationale and Design 

In this study, wildtype and mutant syndecan-1 cDNA constructs were created 

and packaged into adenoviral vectors.  These vectors were then used to reconstitute 

Sdc1-/- mice. Mutant viral constructs that failed to restore TRL clearance to wildtype 

levels were considered to bear mutations in regions of the protein relevant to its 

function as a clearance receptor. The various mutants, described in Table 2-1, were 

planned to test fairly simple hypotheses. The rationale behind each construct design is 

described below.  
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Table 2-1: Mutant syndecan-1 cDNAs for structure/function analysis. 

Name of 
construct 

Description 

Sdc1 Full length cDNA for wild-type syndecan-1 
S37A 
S45A 
S47A 

Lacking individual heparan sulfate attachment 
sites  

S45,47A 
S37,45A 
S37,47A 

Lacking two heparan sulfate attachment sites 

S37,45,47A Lacking all heparan sulfate attachment sites 
GAG-null Lacking all heparan sulfate and chondroitin 

sulfate attachment sites 
Cyto-null All but one amino acid of the C-terminal 

cytoplasmic domain deleted 
Ecto-only Lacks transmembrane and cytoplasmic domain 
No-cleavage Lacks cleavage site, preventing shedding 
Sdc4 Full length cDNA for wild-type syndecan-4 
Ecto-swap Consists of the ectodomain from syndecan-4 

fused to the transmembrane and cytoplasmic 
domains from syndecan-1 

 

Syndecan-1 is a 311-amino acid single-pass transmembrane protein. Its 

ectodomain contains three attachment sites for heparan sulfate distal from the 

membrane (amino acids 37, 45, and 47), two sites for chondroitin sulfate attachment 

more proximal to the membrane (amino acids 217 and 227), as well as one N-

glycosylation site (10, 11). Syndecan-1 constructs lacking one, two, or all three sites 

for heparan sulfate attachment (e.g. S37A, S45,47A, S37,45,47A, etc) test whether 

multiple chains are required for binding. The GAG-null construct tests the importance 

of the chondroitin sulfate chains.  

The cytoplasmic domain of syndecan-1 contains two “constant” regions that 

bear sequence homology with other members of the syndecan family (12).  The 

constant regions flank a “variable” region that is syndecan-1 specific. The cytoplasmic 
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domain also includes four invariant tyrosine residues, which may be phosphorylated 

on syndecan-1 and other members of the syndecan family (13).  The syndecan-1 

amino acid sequence terminates in an EYFA domain, allowing the C-terminal region 

of this protein to interact with other proteins containing PDZ domains (14). Cyto-null 

tests the role of the cytoplasmic domain in internalization.  

Syndecan-1 ectodomain shedding occurs after proteolytic cleavage of the 

protein at a specific juxtamembrane site (15). Shed ectodomains may act to sequester 

lipoprotein particles in the space of Disse prior to clearance by receptors on 

hepatocytes. Thus, Ecto-only tests if the ectodomain is sufficient to drive clearance 

and No-cleavage prevents shedding from occurring. In this construct, the stem region 

from the Fc receptor replaces the sequence between the membrane spanning domain 

and the chondroitin sulfate attachment sites (16).  

By immunofluorescence and immunoelectron microscopy, we have observed 

syndecan-1 localization in the space of Disse, specifically on the microvilli of 

hepatocytes (2).  Antibody to syndecan-4 also stained this perisinusoidal space 

(unpublished findings), but Sdc4-/- mice do not accumulate plasma triglycerides 

(Figure 2-1) nor does its inactivation further enhance TRL accumulation on a Sdc1-/- 

background. Thus, we predict either the localization of syndecan-1 or its level of 

expression is the key determinant of its ability to act as an endocytic receptor for 

TRLs.  To examine this issue, the Ecto-swap construct (syndecan-4 ectodomain fused 

to the syndecan-1 cytoplasmic domain) and an adenovirus containing full length 

syndecan-4 to enhance its level of expression were created.  An important control is to 
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inject AdSdc1 into wild-type animals to determine if augmenting its expression 

enhances turnover or whether the system is saturated. 

 

2.4.2  Creation of wildtype and mutant syndecan-1 adenoviral vectors 

The murine syndecan-1 cDNA was packaged into human adenovirus type 5 

particles using the ViraPower Adenoviral Expression System (Invitrogen). Briefly, 

syndecan-1 cDNA was reverse transcribed from isolated hepatocyte mRNA and 

inserted into the pENTR-D-TOPO entry vector. This vector was recombined with the 

pAD/CMV/V5-DEST adenovirus vector using LR clonase. The adenovirus vector 

containing snydecan-1 cDNA was transfected into HEK 293A cells, which stably 

express the adenoviral E1 proteins required to make recombinant adenovirus. After 

approximately two weeks, a crude lysate containing virus was obtained. Adenovirus 

was amplified and purified using CsCl gradient ultracentrifugation according to 

established protocols (17). Purified viral stocks were titered for plaque forming ability 

using the AdenoX Rapid Titer system (Clontech) and for particle number by 

measuring OD260 in SDS buffer. 

 

2.4.3  Syndecan-1 is expressed in hepatocytes following adenovirus-mediated 

transduction 

To validate our experimental system, freshly isolated primary Sdc1-/- 

hepatocytes were infected with the various AdSdc1 constructs in culture, and 

syndecan-1 expression was detected by western blot.  Syndecan-1 was expressed 

abundantly in the cells, and expression peaked at 48 hours post-transduction (Figure 2-
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6). To insure that the syndecan-1 constructs were also expressed in vivo, hepatocytes 

were isolated from mice that had been injected 14 days prior with wildtype AdSdc1.  

A separate set of mice were injected with AdGFP as a control.  As expected, 

syndecan-1 expression was seen in AdSdc1-transduced knockouts by western blot, but 

no expression was observed in the AdGFP-infected mice. 

It has previously been shown that under similar experimental conditions, more 

than 95% of injected adenovirus is cleared by the liver, leading to hepatic-specific 

expression of syndecan-1 (18).  Adenoviruses have been used extensively to introduce 

genes into the liver, however several studies have shown that the vector alone causes 

liver damage and may independently impact triglyceride and cholesterol levels (8, 19). 

To address these concerns, we carefully determined optimal time post infection (14 

days) and optimal viral dose (2 x 1011 viral particles/mouse) to minimize unwanted 

side effects on liver function and clearance.  Throughout these experiments, 

adenovirus containing wild-type syndecan-1 cDNA and green fluorescent protein 

(AdGFP) served as positive and negative controls, respectively. 
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Figure 2-6: Adenoviral-mediated syndecan-1 expression. (top panel) Isolated primary 
Sdc1-/- hepatocytes were infected with AdGAG mutant syndecan-1 adenovirus 
(multiplicity of infection = 1).  Protein expression was visualized by western blot 
using mAB 281-2 (1:500, BD Pharmingen) at 24, 48, and 72 hours post infection.  
Heparan lyase treatment had no effect on the bands, indicating that AdGAG was, in 
fact, translated without GAG chains.  Samples labeled “untd “ were not treated with 
virus. Samples labeled “hep lyase” were treated with a mixture of heparin lyases I, II, 
and II as well as chondroitinase ABC before electrophoresis. (bottom panel) 
Hepatocytes were isolated from Sdc1-/- mice two weeks post-transduction with 
AdSdc1.  Protein expression of syndecan-1 was visualized as in the top panel.  Erk 
expression was measured as a loading control. 
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2.4.4  Structure/function analysis of syndecan-1 in vivo 

Once we had designed and produced the syndecan-1 constructs, verified their 

expression in vivo, and determined optimal dose and timing, we were ready to assess 

the behavior of the wildtype and mutant syndecan-1 constructs in live animals.  To 

evaluate the ability of syndecan-1 constructs to restore clearance in mice, Sdc1-/- mice 

were injected with live virions via the tail vein.  Two weeks post-injection, animals 

were subjected to a vitamin A fat tolerance test.  Fasted mice were given a bolus 

mixture of [3H]retinol and corn oil by oral gavage, and blood was sampled at various 

time points to determine the plasma level of 3H-counts.  In the intestine, [3H]retinol is 

converted to fatty acid esters and incorporated into newly made chylomicrons, and its 

only route of removal is through clearance in the liver. 

Infection with adenovirus containing wildtype syndecan-1 cDNA (AdSdc1) 

normalized clearance compared to Sdc1-/- mice infected with AdGFP (P = 0.0037), and 

the excursion curve was similar to that of wild-type mice (Figure 2-7). These findings 

show that hepatic syndecan-1 is both necessary and sufficient to clear plasma 

triglycerides. They contrast the results of a previous study, which showed that 

syndecan-1 overexpression leads to hypertriglyceridemia (20).  This may reflect 

differences in viral load, timing of the lipid analyses relative to viral infection, or acute 

liver injury in the earlier study. 
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Figure 2-7: AdSdc1 restores postprandial clearance to wildtype levels in Sdc1-/- mice. 
Sdc1-/- mice were injected with AdSdc1 (n = 6 mice) or AdGFP (n = 6 mice). Plasma 
retinol ester levels were measured as described above and compared with wild-type 
mice (filled circles). The areas under the curve were 3,700 ± 1,100 for wild-type, 
7,400 ± 2,600 for AdGFP Sdc1-/-, and 3,200 ± 900 for AdSdc1 Sdc1-/-. Animals treated 
with AdSdc1 demonstrated clearance similar to that wild-type animals (gray circles, P 
= 0.1272) and significantly faster clearance than Sdc1-/- mice treated with AdGFP (P = 
0.0037).  
 
 
 Next, Sdc1-/- mice were injected with adenovirus containing the various mutant 

syndecan-1 constructs.  These mice were subjected to the same vitamin A fat tolerance 

test as described above, and a bar graph representing counts remaining in 10 µL of 

plasma at the four-hour time point is presented in Figure 2-8.  Overexpression of 

syndecan-4 (AdSdc4) in Sdc1-/- mice did not rescue clearance to wildtype levels.  

Additionally, clearance was not rescued in mice lacking all but one amino acid of the 

intracellular domain of syndecan-1 (AdDeltaC).  As expected, mice expressing a 

syndecan-1 construct lacking all three heparan sulfate attachment sites (AdHS) did not 

restore clearance.  Interestingly, however, adenovirus encoding a syndecan-1 construct 
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lacking only one heparan sulfate attachment site (Ad45) was also unable to rescue 

clearance.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8: Syndecan-1 mutant adenoviruses do not rescue clearance in Sdc1-/- mice 
in vivo. Sdc1-/- mice were injected with 2 x 1011 viral particles of AdSdc1, AdSdc4, 
AdDeltaC, AdHS, or Ad45. Two weeks later, the mice were subjected to a vitamin A 
fat tolerance test. Counts remaining in 10 µL of plasma at four hours post-gavage is 
shown.  Data from wildtype and Sdc1-/-  mice injected with PBS is shown for reference.  
 

2.5  Syndecan-1 as a clearance receptor: Implications for disease-associated 

hypertriglyceridemia 

 Hypertriglyceridemia, characterized by the accumulation of triglyceride-rich 

lipoproteins in the blood, affects 10-20% of the population in western countries and 

increases the risk of atherosclerosis and coronary artery disease in patients (21-25). 

While some cases arise from genetic defects (such as mutations in LPL, APOE, or 

LDLR), many cases are associated with disease states such as hypothyroidism, 

pancreatitis, nephrotic syndrome, obesity, diabetes, and sepsis (26-28). Because 
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syndecan-1 mediates clearance of TRLs in human hepatocytes, it is possible that 

syndecan-1 dysfunction plays a role in the hypertriglyceridemia associated with these 

various disease states. This section describes studies that address the contribution of 

syndecan-1 to the dyslipidemia associated with diabetes and sepsis. 

 

2.5.1  Neither changes in syndecan-1 expression nor heparan sulfate fine 

structure are observed in hepatocytes from diabetic mice 

Hypertriglyceridemia is a significant complication of insulin-dependent 

diabetes mellitus (IDDM) that likely contributes to cardiovascular disease in affected 

individuals, but its cause remains unknown (29-31).  Insulin deficiency suppresses 

hepatic triglyceride production (32, 33), suggesting that diabetes-associated 

hyperlipidemia is due to reduced clearance of plasma lipoproteins, especially remnant 

lipoproteins enriched in cholesterol and triglycerides.  This led us to examine hepatic 

syndecan-1 levels and heparan sulfate composition in a mouse model of IDDM. 

 In this study, mice were made diabetic by administering 50 mg/kg body weight 

of streptozotocin (STZ) intraperitoneally for 5 consecutive days. Mice developed 

hypertriglyceridemia (>400 mg/dL blood glucose) 6-8 weeks post treatment, and 

approximately 50% of diabetic mice showed a mild elevation of fasting triglyceride 

levels (51 ± 13 mg/dL in control mice versus 81 ± 20 mg/dL in streptozotocin treated 

mice, n = 12 per strain, P < 0.003) with no significant change in plasma cholesterol.  

The diabetic mice also showed significantly delayed clearance of postprandial 

triglycerides. 
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 To examine whether changes in hepatocyte syndecan-1 were responsible for 

the delayed postprandial clearance observed in IDDM mice, we examined syndecan-1 

expression in freshly isolated hepatocytes. We did not detect any differences in 

syndecan-1 core protein levels by western blotting of hepatocyte extracts from IDDM 

mice (Figure 2-9).  Similar results were also observed at the mRNA level as 

determined by qPCR (data not shown).  Thus, altered syndecan-1 expression did not 

account for the delayed clearance of plasma triglycerides in IDDM mice. 

 

 

 

 

 
 
Figure 2-9: Western blot analysis of syndecan-1 expression in IDDM hepatocytes.  
Proteoglycans were isolated from hepatocyte cell pellets according to a protocol 
adapted from Reizes et al (34) and collected by anion exchange chromatography 
(DEAE-Sephacel).  Samples were digested for 1 h with a mixture of 2 milliunits/mL 
heparin lyases I and II and 5 milliunits/mL heparin lyase III and 10 mU/mL 
chondroitinase ABC.  The deglycosylated core proteins were separated by SDS-PAGE 
(NuPage 4-12% BisTris gel, Invitrogen) and transferred to nitrocellulose.  Syndecan-1 
was detected with mAb 281-2 (BD Pharmingen) and corresponding horseradish 
peroxidase-conjugated secondary antibody.  One band was detected at 140 kDa, and 
this band likely represents a syndecan-1 oligomer (35-37).  Beta actin was detected 
with an anti-β-actin antibody (Cell Signaling Technologies) and a horseradish 
peroxidase-conjugated secondary.  Each lane represents a different mouse (n=4 per 
group). 
 
 
 It is possible that syndecan-1 mediated clearance is impaired in IDDM due to 

changes in heparan sulfate fine structure, as the interaction between triglyceride-rich 

lipoproteins and hepatocyte heparan sulfate depends on the presence of N- and 2-O-
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sulfate modified disaccharides (1, 38). Previous studies have suggested that expression 

of NDST1, the major heparan sulfate sulfating enzyme, is reduced in IDDM (39-44). 

To address this issue, we measured both the amount of liver heparan sulfate present in 

IDDM livers and its composition.  Heparan sulfate fine structure was determined 

quantitatively by glycan reductive isotope labeling-liquid chromatography/mass 

spectroscopy (GRIL-LC/MS) as described (45).  The amount of heparan sulfate was 

expressed relative to liver wet weight.  Interestingly, no change in heparan sulfate 

amount or fine structure was observed in IDDM mice (Figure 2-10).  As a control, 

disaccharide composition was analyzed in Ndst1 deficient mice (Ndst1f/fAlbCre+), 

which show statistically significant decreases in N-, 2-O- and 6-O-sulfation.  Taken 

together, these data show that hypertriglyceridemia associated with streptozotocin-

induced diabetes mellitus is not due to deficient syndecan-1-mediated clearance. 
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Figure 2-10: Analysis of liver heparan sulfate amount and disaccharide composition.  
(left panel) Liver heparan sulfate was purified from untreated (n = 9) and STZ treated 
hyperglycemic diabetic (n = 9) wild-type mice and Ndst1 mutant mice (n = 4).  The 
mass of heparan sulfate purified from each animal was determined by GRIL-LC/MS.  
Results were normalized to the amount of liver that had been analyzed (wet weight).  
(right panel) The disaccharide composition of liver heparan sulfate was determined by 
GRIL-LC/MS.  N-sulfate and 6-O-sulfate groups in glucosamine moieties and 2-O-
sulfate groups in uronic acids were calculated from the recovery of the individual 
disaccharides.   
 

 
Our results contradict previous studies suggesting that hypertriglyceridemia 

observed in IDDM is due to altered heparan sulfate composition (39, 41-44, 46, 47).  

The conclusions of these studies were based on the finding that, in IDDM mice and 

rats, there is a ~50% decreased incorporation of [35S]sulfate into liver heparan sulfate 

chains in vivo.  Similarly, we observed a reduction (57 ± 27%) in the amount of 

[35S]heparan sulfate produced in diabetic mouse liver compared with controls.  A 

similar level of reduction was also observed in Ndst1f/fAlbCre+ mice, which produce 

undersulfated heparan sulfate chains (50 ± 13%).  What is the explanation for the 

decrease in [35S]O4 incorporation observed here and in prior studies?  Earlier work 

suggested that diabetes can result in alteration of plasma and tissue sulfate pools (48-
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51).  Thus, the decrease in 35S-labeling might have resulted simply from differences in 

the radiospecific activity of the 35SO4 in the plasma or in the liver.  Indeed, 

endogenous plasma sulfate concentration in diabetic mice was ~3-fold greater than in 

wild-type mice or Ndst1f/fAlbCre+ mice (Figure 2-11).  The source of elevated plasma 

sulfate could be caused by altered anion filtration by the kidney due to diabetic 

nephropathy.  Alternatively, IDDM is also known to induce gluconeogenesis, which 

could lead to the increased conversion of cysteine and methionine to pyruvate causing 

the release of inorganic sulfate from these amino acids.  The release of inorganic 

sulfate from sulfur containing amino acids can be significant, providing all of the 

sulfate needed for glycosaminoglycan biosynthesis in cultured cells (52).  

 
 

 
 
Figure 2-11: Plasma sulfate levels in IDDM mice.  Sulfate levels were measured in 
untreated, diabetic, and Ndst1-mutant plasma samples (n = 6, respectively) by high 
performance liquid chromatography. 
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2.5.2 Sepsis 
 

Sepsis, a potentially fatal medical condition, is often triggered by bacterial 

infection and is characterized by a whole-body inflammatory state.  Sepsis patients 

suffer from hyperlipidemia of unknown etiology (27, 28).  Hayashida et al recently 

showed that, in mice, injection of bacterial LPS induces syndecan-1 shedding in the 

liver (53).  We predicted that induction of syndecan-1 shedding by treatment with LPS 

would affect VLDL binding and uptake in this model of septic shock. 

To examine this possibility, we injected mice with 4.5 mg LPS/kg body 

weight.  We found that 24 hours after injection, significantly more syndecan-1 

ectodomain had accumulated in the plasma compared to mice injected with PBS alone.  

LPS injection also resulted in dramatic loss of synecan-1 in the liver, as measured by 

immunohistochemistry.  Analysis of fasting plasma lipids showed that triglyceride 

levels increased two-fold in mice injected with LPS, whereas plasma total cholesterol 

did not change (Figure 2-12).  The accumulation of plasma lipids was greatly 

accentuated under these conditions by deletion of the LDL receptor, which resembles 

the phenotype of compound mutants lacking hepatic heparan sulfate and LDL 

receptors (1).  When the animals were challenged with human VLDL, the injected 

particles cleared less extensively in the LPS-injected mice (Figure 2-12c, area under 

the curve = 9200 ± 400 for LPS-injected mice versus 7000 ± 400 for the control), 

consistent with a loss of syndecan-1 clearance from the liver.     
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Figure 2-12: LPS increases plasma triglycerides in mice. Wild-type (WT) or Ldlr-/- 
mice were injected intraperitoneally with 4.5 mg LPS/kg body weight or phosphate-
buffered saline as control. Eighteen hours later, the animals were fasted for 6 hours, 
and (A) plasma triglycerides and (B) total cholesterol were determined. In (C), 
similarly treated animals were injected with 20 µg of human VLDL, and the amount 
of remaining human apolipoprotein B was determined by ELISA at the indicated 
times. Each value represents the average ± standard deviation (n = 3 mice). 
 
 

The observation that LPS induces shedding, elevates plasma TRLs and reduces 

VLDL clearance suggests that syndecan-1 shedding might be responsible in part for 

the elevation of plasma triglycerides in bacterial sepsis.  Further studies are planned to 

determine whether syndecan-1 shedding contributes to the hyperlipidemia of sepsis in 

human patients and whether it might explain other idiopathic forms of 

hypertriglyceridemia, a common side effect of many drugs (26). 

 

2.6 Discussion  

Several studies that characterize syndecan-1’s function as a TRL clearance 

receptor have been presented in this chapter.  We have shown that syndecan-1 is the 

primary proteoglycan receptor in mice, and that syndecan-1 on primary human 

hepatocytes as well as Hep3B cells can bind and take up native TRL particles derived 
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from fasted donors.  These findings suggest that changes in the expression of 

syndecan-1 or the assembly of heparan sulfate chains might explain some forms of 

human dyslipidemias.  Though IDDM-induced hypertriglyceridemia in mice is not 

associated with any obvious changes in syndecan-1 expression or alteration of liver 

heparan sulfate content or composition, LPS-mediated syndecan-1 shedding may 

contribute to hyperlipidemia of sepsis.  Further studies are necessary to determine if 

syndecan-1 plays a role in the other forms of disease-associated hypertriglyceridemia 

or hypertriglyceridemia of unknown etiology.   

A step-wise mechanism of binding remnants by syndecan-1 and hand-off to 

LDLR or LRP receptors has been proposed (54-56).  However, in the present study, a 

mutant lacking all but one amino acid of the cytoplasmic domain (AdDeltaC) was 

unable to rescue clearance in Sdc1-/- mice.  As endocytosis of syndecan-1 depends on 

its cytoplasmic domain (16), this data indicates that syndecan-1 endocytosis is 

necessary for its function in TRL clearance and suggests that syndecan-1 is an 

independent endocytic receptor for TRLs.  Syndecan-1 is endocytosed via a clathrin- 

and caveolin-independent route that is preceded by clustering and translocation to lipid 

rafts (16, 57-59), while endocytosis of LDLR and LRP1 is known to occur through 

classical clathrin-mediated endocytosis. This observation further argues against the 

possibility that syndecan-1 acts in concert with either of these receptors to mediate 

clearance.  The path of syndecan-1 after endocytosis has not been well characterized, 

although there is evidence that a portion may be recycled to the cell surface like other 

endocytic receptors (60) and that it is eventually degraded in lysosomes (61).  
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The binding of TRLs to heparan sulfate chains presumably occurs through 

electrostatic interactions between negatively charged sulfate and carboxyl groups with 

complementary positively charged domains in the apolipoproteins (APOB, APOE, 

etc.) or lipases (lipoprotein lipase or hepatic lipase) associated with the particles.  It 

has recently been shown that the interaction between triglyceride-rich lipoproteins and 

hepatocyte heparan sulfate depends on the presence of N- and 2-O-sulfate modified 

disaccharides (1, 38).  Both murine and human hepatocytes express multiple heparan 

sulfate proteoglycans, however, and it remains unclear why syndecan-1 is the primary 

proteoglycan receptor.  Syndecan-1 is localized to hepatocyte microvilli lining the 

space of Disse, and is thus poised to mediate clearance (3).  It is likely, however, that 

syndecan-1 possesses unique structural features that facilitate its function in TRL 

clearance, as overexpression of syndecan-4, a structurally related but distinct protein, 

did not rescue clearance.  However, care must be taken when interpreting these 

preliminary data, as we did not verify the location of the overexpressed syndecan-4.  It 

may be expressed on the basolateral surface of the cells, and therefore would not come 

into contact with TRLs in the space of Disse.  

One unique feature of syndecan-1 is that it contains sites for attachment of up 

to three heparan sulfate chains.  TRL binding and internalization might depend on 

multiple interactions with one or more chains on individual syndecan-1 molecules or 

clustered multimers. Interestingly, mice expressing the Ad45 syndecan-1 mutant 

(lacking only one heparan sulfate attachment site) were unable to clear particles 

efficiently, which would support the hypothesis that all three chains are required to 

engage lipoproteins and stabilize the lipoprotein-proteoglycan complex before 
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endocytosis.  Previous studies have suggested that syndecan-1 is most active when all 

three heparan sulfate sites are occupied, and that certain chains may be more important 

for ligand binding than others (62).  Further study of the other mutants lacking 

combinations of heparan sulfate chains (Ad35,47, etc.) is necessary to fully understand 

the interaction between TRLs and syndecan-1.  

The syndecan-1 structure/function study presented here is still ongoing.  

Evaluation of the other mutant constructs, including ecto-only, ecto-swap, and no-

cleavage, will need to be completed.  There are several important controls that also 

need to be done.  These include histology of livers from adenovirus-infected mice to 

verify localization of the mutant syndecan-1 constructs on hepatocyte cell surfaces in 

the space of Disse, and confirmation of the data using a cell culture model of VLDL 

binding and uptake post-AdSdc1 infection.  Finally, we need to assess the role of 

chondroitin sulfate chains in syndecan-1 binding to TRLs.     
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CHAPTER 3 
 

Heparan sulfate proteoglycans mediate hepatic clearance of triglyceride-rich 

lipoproteins of unique size and composition 

 

3.1  Summary 

Several hepatic receptors clear chylomicron and very low-density lipoprotein 

remnants from the circulation, but the relative contribution of each class of receptors 

remains unknown. In the present study, we characterized the relative contribution to 

clearance of the low-density lipoprotein receptor (Ldlr), Ldlr-related protein-1 (Lrp1), 

and heparan sulfate proteoglycan (HSPG) receptors by analyzing mice in which we 

inactivated Ldlr, Lrp1, HSPG receptors and various combinations of all three 

receptors. Fasting triglyceride data in single and double mutant mice showed that 

HSPGs and the Ldlr dominate the receptor landscape, while Lrp1 contributes 

significantly to clearance when the Ldlr is absent. Mice lacking hepatic expression of 

all three receptors (AlbCre+Ndst1f/fLrp1f/fLdlr-/-) displayed massive hyperlipidemia 

(triglyceride: 874 ± 270 mg/dL; total cholesterol: 1308 ± 346 mg/dL) and exhibited 

persistent elevated postprandial triglyceride levels and reduced liver clearance. 

Analysis of the particles accumulating in mutants showed that HSPGs preferentially 

clear a subset of smaller triglyceride-rich lipoproteins (~20-40 nm diameter) enriched 

in ApoE and ApoAV, while Ldlr and Lrp1 clear a larger subset of particles (~40-60 

nm diameter) containing ApoB100, ApoB48, ApoE, and ApoCs. Taken together, these 

data show that HSPGs, Ldlr, and Lrp1 clear distinct subsets of particles; that HSPGs 
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work independently from Ldlr and Lrp1; and that Ldlr, Lrp1, and HSPGs are the three 

major hepatic TRL clearance receptors in mice. 

 

3.2 Introduction 

Hypertriglyceridemia increases the risk of atherosclerosis, coronary artery 

disease, and pancreatitis (1-6). This condition, which affects 10–20% of the population 

in western countries, is characterized by the accumulation of triglyceride-rich 

lipoproteins (TRLs) in the blood. TRLs consist of intestinal chylomicrons derived 

from dietary fats and very low density lipoproteins (VLDL) from the liver, as well as 

remnant particles resulting from the lipolytic processing of these lipoproteins in the 

peripheral circulation. These remnant particles are cleared in the liver by multiple 

receptors. Genetic defects in TRL synthesis, processing and clearance result in 

accumulation of plasma triglycerides, but account only for a small fraction of the 

patients presenting with hypertriglyceridemia.  

Clearance of TRL remnants occurs in the liver via a multi-step process. The 

particles first pass through the fenestrated endothelium of the liver sinusoids and are 

sequestered in the perisinusoidal space of Disse. Here, remnants undergo further 

processing by lipoprotein lipase (Lpl) and hepatic lipase, which may remain associated 

with the particles. Particles are then cleared by endocytic receptors on the surface of 

hepatocytes, leading to their lysosomal catabolism. Several receptors for remnant 

lipoproteins have been identified, including the low-density lipoprotein receptor (Ldlr) 

(7), members of the Ldlr-related protein family (Lrp1 and Lrp5) (8, 9), the very low 

density lipoprotein receptor (Vldlr) (11, 12), scavenger receptor B1 (SR-B1) (13, 14), 
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the lipolysis stimulated receptor (Lsr) (15), and syndecan-1 (10), a type of heparan 

sulfate proteoglycan (HSPG). The relative contribution of these receptors to clearance 

remains controversial. 

In the present study, we sought to understand the relative contribution of Ldlr, 

Lrp1, and HSPGs to clearance of remnant lipoproteins using a genetic approach. To 

this end, we interbred mice lacking Ndst1, Ldlr and Lrp1, producing double and triple 

mutants lacking all three receptors. Based on analysis of fasting lipid levels, we found 

that HSPGs and the Ldlr are the two dominant receptors mediating clearance, although 

Lrp contributes to clearance in the absence of the other two receptors. Our findings 

show that HSPGs, Ldlr, and Lrp1 preferentially bind and internalize distinct subsets of 

particles, that HSPGs work independently from Ldlr and Lrp1, and that Ldlr, Lrp1, 

and HSPGs account for the majority of TRL clearance in the liver in mice. 

 

3.3  Results 

3.3.1 Inactivation of Ldlr, Lrp1 and Ndst1  

We previously described mice in which the Cre transgene under control of the 

albumin promoter was used to inactivate the heparan sulfate biosynthetic enzyme 

GlcNAc N-deacetlyase N-sulfotransferase-1 (Ndst1) selectively in hepatocytes (16). 

Ndst1 affects the sulfation of all HSPGs including syndecan-1, the primary hepatic 

proteoglycan receptor (10). Like Sdc1-/- mice, Cre+Ndst1f/f mice have delayed 

clearance of postprandial triglycerides and display a two-fold accumulation of fasting 

triglycerides due to loss of sulfation of the HS chains located on syndecan-1. 

Syndecan-1 knockout mice were not used in this study because a conditional mutant 
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has not been described, but the phenotype of Ndst1-deficient mice is identical to that 

of syndecan-1 knockout mice.  

Cre+Ndst1f/f mice were bred with Ldlr systemic knockout mice (Ldlr-/-) or mice 

bearing a floxed allele of Lrp1 (Lrp1f/f) to produce all combinations of double and 

triple receptor mutant mice. The compound mutant mice were viable and fertile, and 

produced litters of normal size and the expected Mendelian ratios of genotypes.  

 To verify that the Cre transgene under control of the albumin promoter was 

sufficient to mediate recombination of two separate floxed genes (Ndst1 and Lrp1) in 

the Cre+Ndst1f/fLrp1f/fLdlr-/- mouse, we analyzed hepatic HS disaccharide composition 

using mass spectroscopy. We found that N-sulfation was decreased from 43 N-sulfate 

groups/100 disaccharides in wildtype hepatocytes to 19 N-sulfates/100 disaccharides 

in Cre+Ndst1f/fLrp1f/fLdlr-/- hepatocytes. The reduction in sulfation was similar to that 

observed in hepatocytes from the Cre+Ndst1f/f mouse (Table 3-1 and (16)). This 

finding indicates that Ndst1 was efficiently deleted in the Cre+Ndst1f/fLrp1f/fLdlr-/- 

mice. Deletion of Ndst1 in hepatocytes does not fully eliminate N-sulfation because 

these cells express another Ndst isoform, Ndst2. To verify that hepatic Lrp1 expression 

was also ablated in the Cre+Ndst1f/fLrp1f/fLdlr-/- mice, we examined the level of Lrp1 

protein in isolated hepatocytes by Western blotting. Lrp1 protein was not detectable in 

both Cre+Ndst1f/fLrp1f/fLdlr-/- and Cre+Lrp1f/fLdlr-/- mice (Figure 3-1a). Though Lrp1 

and Ldlr expression exhibited some variability among wildtype and Cre+Ndst1f/f mice, 

there was no statistically significant difference when expression was normalized to β-

actin (P > 0.05, Figures 3-1b and 3-1c). Moreover, the expression of Ldlr and Lrp1 

was not affected by inactivation of Ndst1. 
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Table 3-1: Disaccharide analysis of hepatocyte heparan sulfate. 
 

Disaccharides (mole %)  
D0A0 D0S0 D0A6 D0S6 D2A0 D2S0 S2A6 D2S6 

 
Cre-Ndst1f/f  

 
40.1 16.5 

 
15.9 9.6 0.8 6.3 0.1 10.7 

Cre+Ndst1f/f  

 
63.3 3.9 17.8 11.6 0.1 1.5 0.0 1.9 

Cre+Lrp1f/fLdlr-/- 
 

43.8 18.7 14.7 7.9 0.7 6.5 0.0 7.7 

Cre+Ndst1f/fLrp1f/fLdlr-/- 
 

65.1 3.2 16.1 13.9 0.1 0.6 0.1 1.1 

 
HS chains from isolated hepatocytes were digested with heparin lyases I, II, and III, 
and the disaccharides were derivatized with isotopically labeled aniline and quantified 
by mass spectrometry (see methods). Disaccharides are designated using the code 
established in (51). D0A0, ΔUA-GlcNAc; D0S0, ΔUA-GlcNS; D0A6, ΔUA-
GlcNAc6S; D0S6, ΔUA-GlcNS6S; D2A0, ΔUA2S-GlcNAc; D2S0, ΔUA2S-GlcNS; 
D2A6, ΔUA2S-GlcNAc6S; D2S6, ΔUA2S-GlcNS6S. 
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Figure 3-1: Inactivation of Ldlr and Lrp1 in compound mutant mice. (A) Fresh 
hepatocytes were isolated from 12 week-old male mice, and protein was solubilized in 
RIPA buffer. Samples were separated by gradient SDS-PAGE and transferred to 
PVDF. The membrane was probed with antibodies against Ldlr, Lrp1, and β-actin. 
Each lane represents a different mouse (n=3 per genotype). Lrp1 and Ldlr protein 
expression is undetectable in Cre+Lrp1f/fLdlr-/- and Cre+Ndst1f/fLrp1f/fLdlr-/- mice. (B, 
C) Densitometry analysis of the western blots presented in A is shown. 
 
 
3.3.2 Hyperlipidemia in compound mutant mice  

To study the relative contribution of the three receptors to clearance of TRLs, 

we analyzed fasting lipid levels. Plasma triglyceride and cholesterol were measured in 

blood drawn from 12 week-old overnight-fasted animals raised on a normal chow diet 

(Figure 3-2a and 3-2b, and Table 3-2). Cre+Ndst1f/f accumulated triglycerides 

compared to wildtype animals (Figure 3-2a, 43 ± 10 mg/dL in wildtype [n = 12] vs. 69 

± 26 mg/dL in Cre+Ndst1f/f [n = 13], P < 0.01 ), as shown previously (16). In contrast, 
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mice with a hepatocyte-specific ablation of Lrp1 (Cre+Lrp1f/f) did not accumulate 

plasma triglycerides (33 ± 5 mg/dL [n =7]) beyond the wildtype. Double mutant mice 

deficient for both the HSPG receptor and Lrp1 (Cre+Ndst1f/fLrp1f/f) also did not 

accumulate fasting triglycerides (66 ± 20 mg/dL [n = 19]) compared to the level 

observed in Cre+Ndst1f/f mice (P = 0.7). Thus, these findings suggests that Lrp1 does 

not play a major role in TRL clearance when Ldlr is present.  

We next analyzed mice lacking the Ldlr.  Mice lacking only Ldlr (Ldlr-/-) 

accumulated triglycerides (Figure 3-2b, 181 ± 59 mg/dL [n = 9]) approximately 4-fold 

over wildtype (P < 0.0001). Mice lacking both Ldlr and Lrp1 (i.e., expressing only 

HSPG receptors) exhibited elevated plasma triglycerides (548 ± 148 mg/dL [n = 9]) 

over Ldlr-/- mice (P < 0.0001).  Mice lacking Ndst1 and Ldlr (i.e., expressing only 

Lrp1) (Cre+Ndst1f/fLdlr-/-) also had elevated triglyceride levels (415 ± 218 mg/dL [n = 

9]) compared to either Ldlr-/- or Ndst1-/-. Cre+Ndst1f/fLrp1f/fLdlr-/- accumulated even 

greater levels of triglycerides (874 ± 270 mg/dL for Cre+Ndst1f/fLrp1f/fLdlr-/- [n = 14], 

P < 0.001 compared to Cre+Ndst1f/fLdlr-/- or Cre+Lrp1f/fLdlr-/-). These data suggest 

that Lrp1 contributes significantly to clearance when Ldlr is absent, consistent with 

previous studies (21, 22). 

Heparan sulfate proteoglycans do not contribute to clearance of cholesterol-

rich lipoprotein particles (16), as Cre+Ndst1f/f do not have elevated cholesterol levels 

over wildtype mice (Figure 3-2c, 67 ± 9 mg/dL in wildtype [n = 12] vs. 71 ± 22 mg/dL 

in Cre+Ndst1f/f [n = 13], P = 0.6). Lrp1 deficient mice (Cre+Lrp1f/f) also did not show 

cholesterol accumulation (71 ± 15 mg/dL [n = 7]) over wildtype (P = 0.5). Mice 

lacking the HSPG receptor and Lrp1 (Cre+Ndst1f/fLrp1f/f) had somewhat reduced 
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cholesterol levels (52 ± 7 mg/dL [n = 12]) compared to wildtype (P < 0.001), which 

may be due to upregulation of Ldlr (22). Surprisingly, mice lacking the HSPG receptor 

and Ldlr (Cre+Ndst1f/fLdlr-/-) had approximately 2-fold higher cholesterol levels 

(Figure 3-2d, 477 ± 160 mg/dL [n = 10]) than Ldlr-/- mice (291 ± 63 mg/dL, P < 0.01), 

and Cre+Ndst1f/fLrp1f/fLdlr-/- mice exhibited higher fasting cholesterol levels (1308 ± 

346 mg/dL [n = 6]) than Cre+Lrp1f/fLdlr-/- mice (779 ± 149 mg/dL [n = 9], P < 0.01). 

Taken together, this data suggests that HSPGs also mediate clearance of cholesterol-

rich lipoproteins in the absence of Ldlr family members. 

 

Table 3-2: Fasting lipid levels. 
 

Triglyceride Cholesterol  
Genotype Concentration 

(mg/dL) 
P value relative 

to wildtype 
Concentration 

(mg/dL) 
P value 

relative to 
wildtype 

Cre-Ndst1f/f 
 

43 ± 10 -- 67 ± 9 -- 

Cre+Ndst1f/f 
 

69 ± 26 < 0.01 71 ± 22 n.s. 

Cre+Lrp1f/f 
 

33 ± 5 < 0.05 71 ± 15 n.s. 

Ldlr-/- 

 
181 ± 59 < 0.0001 291 ± 63 < 0.0001 

Cre+Ndst1f/fLrp1f/f 

 
66 ± 20 < 0.01 52 ± 7 < 0.001 

Cre+Ndst1f/fLdlr-/- 

 
415 ± 218 < 0.0001 477 ±160 < 0.0001 

Cre+Lrp1f/fLdlr-/- 

 
548 ± 148 < 0.0001 779 ± 149 < 0.0001 

Cre+Ndst1f/fLrp1f/fLdlr-/- 874 ± 270 < 0.0001 1308 ± 346 < 0.0001 

 
All values are expressed as average ± standard deviation. Statistical significance was 
determined by two-tailed t-test. n.s., not significant 
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Figure 3-2: Fasting lipids in compound mutant mice. After a 12-hour fast (10 pm – 10 
am), blood was drawn from 12 week-old mice via retroorbital sinus. Fasting 
triglycerides (A, B) and cholesterol (C, D) were measured in plasma from the various 
mutant mice (n = 6-19 per genotype, see text). Horizontal bars indicate mean values. 
Statistical significance was determined by t-test, P < 0.05. 
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3.3.3 Postprandial triglyceride clearance and liver uptake is significantly 

delayed in compound mutant mice 

To differentiate between the contribution of the Ldlr family of receptors and 

HSPGs to hepatic TRL clearance we chose to focus on four genotypes for the 

remainder of the study: Cre-Ndst1f/f (wildtype), Cre+Ndst1f/f, Cre+Lrp1f/fLdlr-/-, and 

Cre+Ndst1f/fLrp1f/fLdlr-/-. We first examined clearance of postprandial triglycerides. 

Fasted mice were given a bolus of corn oil by oral gavage.  Blood was sampled at 

various time points post-gavage to measure appearance of and disappearance of 

triglycerides in the circulation. As shown in Figure 3-3a, Cre+Ndst1f/f mice had 

delayed clearance of postprandial triglycerides compared to wildtype (AUC: 2244 vs. 

864 respectively). Cre+Lrp1f/fLdlr-/- mice had an even greater delay in clearance 

(AUC: 5406). Cre+Ndst1f/fLrp1f/fLdlr-/- mice had severely impaired clearance (AUC: 

11033), and triglyceride levels remained high at 8 hours post-gavage.  

 To verify that this delay in postprandial clearance was due to altered liver 

clearance and not caused by defects in peripheral clearance, we performed a separate 

study that measured uptake of radioactive triglyceride into the organs of the various 

mutant mice. Mice were given a bolus of [3H]retinol mixed with corn oil by oral 

gavage. In the intestine, [3H]retinol is packaged into chylomicrons and these 

radioactive particles are subsequently cleared from the circulation in a time-dependent 

manner. At 8-hours post-gavage, the animals were sacrificed and their tissues were 

assayed for radioactivity. At this time point, counts remained high in plasma from the 

Cre+Ndst1f/f mice and even greater in Cre+Lrp1f/fLdlr-/- and Cre+Ndst1f/fLrp1f/fLdlr-/- 

animals (Figure 3-3b). In a separate experiment, counts remained significantly 
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elevated in plasma from the Cre+Ndst1f/fLrp1f/fLdlr-/- mice even 24 hours post-gavage 

(data not shown).  

Correspondingly, liver uptake of the radioactive TRLs was decreased 

compared to wildtype among mutant mice, with very low uptake occurring in livers 

from Cre+Ndst1f/fLrp1f/fLdlr-/- mice (Figure 3-3c). There was no statistically significant 

difference in uptake of radioactive counts into skeletal muscle or heart between mutant 

and wildtype mice (Figures 3-3d and 3-3e), confirming that there was no difference in 

peripheral triglyceride clearance among these mutant mice, and that the observed 

persistence of postprandial triglycerides is due to defective clearance by liver 

receptors. 
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Figure 3-3: Postprandial clearance and organ uptake in compound mutant mice.  (A) 
To measure triglyceride clearance rates in mutants, overnight fasted mice were given 
200 µL of corn oil by oral gavage. At 0, 1, 2, 3, 4, and 8 hours post-gavage, mice were 
bled via the tail vein and triglyceride concentration in plasma was measured. (B-E) 
Overnight fasted mice were given a bolus of 27 µCi [3H]retinol mixed with corn oil by 
oral gavage.  At 8 hours post-gavage, blood was obtained by cardiac puncture and 
plasma was assayed for radioactivity by liquid scintillation counting in duplicate (B).  
Subsequently, the mice were sacrificed and dissected. Organs were weighed, 
homogenized in SOLVABLE, and assayed for radioactivity. Counts per milligram of 
tissue are reported for (C) liver, (D) muscle, and (E) heart. No statistically significant 
difference in uptake was observed in muscle or heart uptake among the mutants, n = 3 
mice per genotype. 
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3.3.4 Heparan sulfate proteoglycans and LDL receptor family members 

mediate clearance of TRLs of unique size 

To further characterize the accumulated particles, whole plasma lipoprotein 

profiles were determined by gel filtration fast-phase liquid chromatography (FPLC). In 

Cre+Ndst1f/f, Cre+Lrp1f/fLdlr-/-, and Cre+Ndst1f/fLrp1f/fLdlr-/- mice, we documented the 

accumulation of large TRLs consistent in size with chylomicron remnants (CR), 

VLDL, and intermediate density lipoproteins (IDL), with no change in HDL levels 

(Figures 3-4a and 3-4b). The cholesterol profile of Cre+Lrp1f/fLdlr-/- mice showed that 

these mutants have increased accumulation of IDL/LDL cholesterol compared to 

wildtype and Cre+Ndst1f/f mice, and this accumulation was even greater in 

Cre+Ndst1f/fLrp1f/fLdlr-/- mice.  

Next, we isolated TRLs using buoyant density ultracentrifugation (d < 1.006 

g/mL), and analyzed lipoprotein samples using non-denaturing agarose gel 

electrophoresis. In this assay, migration of lipoprotein particles is dependent on both 

their size and charge. Surprisingly, the accumulated TRLs from each mouse had 

distinct migration properties (Figure 3-4c). Wildtype TRLs migrated furthest, while 

the migration of TRLs that accumulated in Cre+Ndst1f/f mice was retarded. The 

migration of TRLs from Cre+Lrp1f/fLdlr-/- animals was even more delayed. Migration 

of TRLs from Cre+Ndst1f/fLrp1f/fLdlr-/- mice was intermediate between that observed 

in samples from the Cre+Ndst1f/f and Cre+Lrp1f/fLdlr-/- mice. Taken together, this data 

suggests that particles with unique size and charge properties are accumulating in each 

mutant. 
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To analyze if the migration shifts could be explained by differences in the size 

of the accumulated particles, TRLs from each mutant (d < 1.006 g/mL) were 

visualized by electron microscopy (Figure 3-4d). Small particles (~20-40 nm in 

diameter) accumulated in mice lacking the HSPG receptor. In contrast, larger particles 

accumulated (~40-60 nm diameter) in mutants lacking Ldlr family members. The 

altered distribution of particle size was significant between all groups (Kruskal-Wallis 

test, P < 0.001).  
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Figure 3-4: Sizing of accumulated particles. Lipoproteins were analyzed by gel 
filtration FPLC, and the amount of (A) triglyceride and (B) cholesterol in each fraction 
was measured. Plasma was pooled from three mice of each genotype. The elution 
positions of human CR/VLDL, IDL/LDL, and HDL are indicated. (C) Lipoproteins of 
d < 1.006 g/mL (pooled from n = 3 mice per each genotype) were isolated by buoyant 
density ultracentrifugation) and were analyzed by non-denaturing agarose 
electrophoresis using a kit. Asterisk indicates location of the origin. (D) TRLs (d < 
1.006 g/mL) were negatively stained with 1% uranyl acetate and analyzed 
transmission electron microscopy (18,500 x magnification). The diameters of particles 
present in 5-6 fields (approx. 1000-2000 particles per genotype) were measured using 
ImageJ software. Distribution of particle size was significant between all groups 
(Kruskal-Wallis test, P < 0.001). 
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3.3.5 Heparan sulfate proteoglycans and LDL receptor family members 

mediate clearance of TRLs of unique apolipoprotein composition  

Samples of purified TRLs (d < 1.006 g/mL) were analyzed by gradient SDS-

PAGE, and the individual apolipoproteins were visualized by silver staining. In all 

mutants, accumulated TRLs contained ApoB-48, ApoB-100, ApoE, and various 

ApoCs (Figure 3- 5a). In the Cre+Ndst1f/f mutant, apoB-100 containing lipoproteins 

accumulated. In mutants lacking Ldlr (Cre+Lrp1f/fLdlr-/- and Cre+Ndst1f/fLrp1f/fLdlr-/-), 

apoB-48-containing lipoproteins accumulated.  

We further characterized the apolipoprotein composition of accumulated 

particles by western blot (Figures 3-5b and 3-5c). Recent studies have shown that 

lipoprotein particles containing ApoAV accumulate in Cre+Ndst1f/f mice (J.C. 

Gonzales et al, in preparation). In our study, the Cre+Ndst1f/f mutants accumulated 

ApoAV-containing lipoproteins, while Cre+Lrp1f/fLdlr-/- mice did not. Particles 

containing apoE accumulated in Cre+Ndst1f/f, Cre+Lrp1f/fLdlr-/-, and Cre+Lrp1f/fLdlr-/- 

mice. Taken together, these data suggest that members of the Ldlr family of receptors 

and the HSPG receptor each clear a distinctly different subset of remnant particles, 

and that the HSPG receptor clears particles enriched in ApoAV and ApoE.  
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Figure 3-5: Apolipoprotein composition of accumulated particles. (A) Samples of 
pooled purified lipoproteins (d < 1.006 g/mL, pooled from n = 3 per genotype) were 
analyzed by gradient SDS-PAGE, and the individual lipoproteins were visualized by 
silver staining. The location of ApoB-48, ApoB-100, ApoE and ApoCs was deduced 
by Mr values. (B) Samples of purified lipoproteins (d < 1.006 g/mL) were analyzed by 
gradient SDS-PAGE, and the individual lipoproteins were visualized by western 
blotting using antibodies against ApoB, ApoE, and ApoAV. Representative images 
from the same gel are shown (n = 3 mice per genotype). (C) Densitometry analysis of 
the western blots presented in B is shown.   
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3.4 Discussion 

A large body of work has established a role for HSPGs in the clearance of 

triglyceride-rich lipoproteins. HSPGs are composed of a core protein and one or more 

covalently attached chains of the glycosaminoglycan heparan sulfate (HS) (23). Early 

studies reported decreased lipoprotein uptake in hepatocytes treated with enzymes that 

degrade HS chains, pharmacological agents that manipulate glycosaminoglycan 

biosynthesis, or in Chinese hamster ovary (CHO) cell mutants lacking specific HS 

biosynthetic enzymes (24-30). Recently, our lab demonstrated that inactivation of the 

HS biosynthetic gene GlcNAc N-deacetylase/N-sulfotransferase 1 (Ndst1) in 

hepatocytes using the Cre-loxP system results in the accumulation of fasting 

triglycerides and delayed clearance of intestinally derived lipoproteins due to loss of 

sulfation of HS chains (16). Further, we identified syndecan-1 as the primary HSPG 

receptor for triglyceride-rich lipoproteins in the liver (10).  

Members of the LDL receptor family have also has been well characterized as 

rapid, recycling clearance receptors for remnant lipoproteins. The primary role of Ldlr 

is in the clearance of cholesterol-rich ApoB100- and ApoE-containing particles such 

as low-density lipoproteins (LDLs). This conclusion is based on the observation that 

mice, rabbits, and humans deficient for the receptor have only modest accumulation of 

triglycerides (31-33). Lrp1, a member of the Ldlr family of receptors, is a 

multifunctional receptor that binds numerous ligands (34). Lrp1 systemic knockout 

mice are not viable (35), but mice bearing floxed alleles of Lrp1 are available (36). 

Mice with a liver-specific ablation of Lrp1 do not accumulate fasting triglycerides or 
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cholesterol, but Lrp1f/fLdlr-/- mice in which Lrp1 was inactivated by injection of 

AdCre have impaired clearance of triglycerides compared to control Ldlr-/- mice (22).  

 Our genetic analysis of the relative contribution of HS proteoglycans and 

members of the Ldlr family of receptors (Ldlr and Lrp1) to TRL clearance has several 

important implications. Based on fasting triglyceride data from double and triple 

mutant mice (Figure 3-2), we can conclude that Ldlr, Lrp1, and HSPGs are the major 

TRL clearance receptors in mice, though the role of Lrp1 only becomes apparent in 

the absence of Ldlr. These conclusions are also supported by postprandial clearance 

data (Figure 3-3). In the Cre+Ndst1f/fLrp1f/fLdlr-/- mice, triglyceride levels remain 

elevated and liver uptake remains low even 8 hours post-gavage, suggesting that other 

TRL receptors cannot compensate for the absence of these three major receptors.  

We further report that the receptor families clear distinct subsets of lipoprotein 

particles; that HSPGs clear a subset of small TRL particles enriched in ApoE and 

ApoAV, while members of the Ldlr family of receptors clear larger TRL particles 

lacking ApoAV (Figure 3-4 and 3-5). Though we and others have shown that HSPGs 

can act as independent endocytic receptors for numerous ligands (37-39), whether 

HSPGs act as independent receptors in the clearance of TRLs has been highly debated. 

Many people in the field have posited that HSPGs work in concert with Lrp1 to clear 

TRLs; that these two proteins either act as co-receptors for lipoprotein particles or 

participate in a “handoff” process whereby HSPGs trap lipoprotein particles in the 

space of Disse and subsequently transfer them to Lrp1 for endocytosis (40). Given our 

finding that the receptors clear different subsets of particles, it seems likely that each 

receptor family acts independently in its own non-redundant pathway.  
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The idea that particle size partially determines the affinity of lipoprotein 

particles for their receptors has been suggested (41), and may be a result of particle 

size dependent apolipoprotein conformation. In the present study, we found that HS 

proteoglycans preferentially clear smaller particles than those cleared by Ldlr family 

members. Chains of HS are highly flexible, however. It is feasible, therefore, that the 

HS chains on proteoglycans can change conformation to interact with particles of 

larger size as well. For instance, HS proteoglycans may display different particle size 

preference in the postprandial state when larger chylomicrons remnants are present. 

Apolipoprotein composition of larger particles may be different as well. Though only 

one molecule of ApoB is present per particle, the number of interchangeable 

apolipoproteins, such as ApoE, may increase as a function of size. This may change 

the affinity of the particles for the various receptors. Thus, further experiments are 

necessary to fully identify and characterize lipoprotein subsets and receptor 

preferences.  

Though we focused on only three receptors in our genetic analysis, several 

other receptors for TRLs have been found, including the lipolysis stimulated receptor 

(Lsr), scavenger receptor B1 (Sr-b1), and Lrp5. The contribution of each of these 

receptors to TRL clearance remains unclear, however. Liver-specific knockdown of 

Lsr expression leads to hypertriglyceridemia in the fed state, but fasting triglyceride 

levels are normal (42). Heterozygous Lsr+/– mice have delayed postprandial clearance 

of triglyceride-rich lipoproteins (43), but systemic inactivation of Lsr leads to 

embryonic lethality (44), alluding to perhaps other roles for this protein. Though some 

evidence suggests that Sr-b1 can mediate clearance of VLDLs and chylomicrons in 
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vivo, its major role is in HDL clearance (13, 14, 45, 46). Lrp5-/- mice have normal 

fasting triglyceride levels, and the contribution of Lrp5 to TRL clearance only 

becomes apparent after high fat feeding (47). Our triple receptor mutant mouse has 

profound dyslipidemia and significantly delayed clearance of postprandial 

triglycerides, even 8 hours post-gavage, suggesting that little hepatic clearance is 

occurring in these mice and that Ldlr, Lrp1, and HS proteoglycans are the major 

receptors in the system. Given our other findings in this study, it is possible that Lsr, 

Sr-b1, and/or Lrp5 also recognize important and distinct subsets of particles. Thus, 

their contribution to clearance may not be apparent in our analysis.  

Our Cre+Ndst1f/fLrp1f/fLdlr-/- mouse is a unique system to tease apart the 

relative contribution of the various receptors to clearance. Though we have used Cre 

recombinase under control of the albumin promoter to selectively and irreversibly 

inactivate Lrp1 and Ndst1 in the liver, previous studies have employed other means to 

inactivate various TRL receptors. In one study, in vivo inhibition of Ldlr was achieved 

using tail vein injection of a blocking antibody (48). This treatment reduced plasma 

clearance of TRLs by approximately 45%, while injection of the receptor-associated 

protein (Rap), a selective inhibitor of Lrp1, reduced plasma clearance by 55%. When 

the Ldlr blocking antibody and Rap injection were administered together, plasma 

removal was only decreased by 60%, an incremental effect. This finding is consistent 

with our conclusions that HS proteoglycans are a major contributor to clearance in the 

liver, and that the two receptor families cannot fully compensate for one another. In a 

different study, mice with systemic deletions of the VLDL receptor (Vldlr) and the 

Ldlr were bred to mice with an ablation of Lrp1 under control of an inducible Cre 
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(11). The Vldlr is not expressed in the liver, and has been shown to mediate TRL 

clearance in tissues active in fatty acid metabolism (heart, adipose, and skeletal 

muscle). Triple mutant mice deficient for Ldlr, Lrp1, and Vldlr accumulated fasting 

and postprandial TGs at a higher level than Ldlr/Lrp-1 deficient mice. In these mice, 

notably, association of DiI-labeled lipoproteins to hepatocytes was inhibited by the 

addition of heparin. This again confirms our findings that HSPGs work independently 

from the other receptors.  

Our Cre+Ndst1f/fLrp1f/fLdlr-/- mouse represents a unique hyperlipidemic model 

that can be used to study triglyceride and cholesterol metabolism independent of 

clearance. For example, this model may be useful in understanding the mechanism of 

action of fenofibrate. Fenofibrate is a peroxisome proliferator-activated receptor alpha 

(PPARα) agonist, and has been shown to activate ApoAV expression (49). Treatment 

with fenofibrate decreases plasma triglycerides by both increasing clearance and 

decreasing VLDL production (50). Because clearance is significantly impaired in our 

Cre+Ndst1f/fLrp1f/fLdlr-/- mouse, it may be a useful tool to study the clearance-

independent effects of fenofibrate. Additionally, our Cre+Ndst1f/fLrp1f/fLdlr-/- mice 

may prove to be a valuable tool for studying atherosclerosis.  We have not yet 

performed controlled studies to examine plaque formation, or placed these mice on a 

high fat diet. Further characterization is necessary to determine how we may be able to 

use this model. 
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3.5  Materials and Methods 

3.5.1 Mice and animal husbandry 

Lrp1f/f, Ldlr-/-, and AlbCre+ mice were purchased from The Jackson 

Laboratory.  Ndst1f/fAlbCre+ mice (referred to as Cre+Ndst1f/f mice in this study) were 

described by (16), and genotyping of these mice was performed as in (17). All mice 

were backcrossed more than 10 generations on a C57BL/6 background. All animals 

were housed and bred in vivaria approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care located in the School of Medicine, UCSD, 

following standards and procedures approved by the UCSD Institutional Animal Care 

and Use Committee. Mice were weaned at 3 weeks, maintained on a 12-hour-light 

cycle, and fed ad libitum with water and standard rodent chow (Harlan Teklad).  

 

3.5.2  Lipid analysis  

Blood was drawn via retroorbital sinus from mice fasted for 12 hours 

overnight. Total cholesterol and triglyceride levels in plasma were determined using 

kits (Genzyme) against the Precipath L lipoprotein standard (Roche Diagnostics). 

 

3.5.3  Ultracentrifugation studies 

Blood was drawn via retroorbital sinus from mice fasted for 12 hours 

overnight, and plasma was pooled (70 µL per mouse, n = 3 mice per genotype). 

Lipoprotein fractions were separated by buoyant density ultracentrifugation according 

to established methods (18). Briefly, 210 µL of pooled plasma was loaded into micro-

ultracentrifuge tubes (Beckman). The samples were centrifuged 12 hours in a 42.2 Ti 



94

 

rotor at 38,000 rpm, 18°C. The top 50 µL containing VLDL and chylomicron 

remnants (d < 1.006 g/mL) was removed and used for analysis.  

 

3.5.4 Heparan sulfate purification and disaccharide analysis 

Hepatocytes were isolated as described (19) and allowed to recover in culture 

overnight. The cells were then treated overnight with Pronase (2 mg/mL; Roche 

Diagnostics) to degrade proteins, followed by purification of the glycopeptides by 

anion exchange chromatography using DEAE Sephacel (Amersham Biosciences). 

Columns were washed with low-salt buffer (0.15 M NaCl, 20 mM sodium acetate; pH 

6.0) to retain low-sulfated chains and eluted with 1 M NaCl. Samples were desalted 

using PD-10 columns and then lyophilized. Chains were digested with heparin lyases 

I, II, and III. The resulting disaccharides were subsequently derivatized with 

isotopically labeled aniline and quantified by mass spectrometry as described 

previously (20). Molar percentages were calculated based on the relative area under 

each peak. 

 

3.5.5 Electron microscopy 

Lipoprotein particles isolated by buoyant density ultracentrifugation (d < 1.006 

g/mL) were subjected to negative staining.  Briefly, particles were diluted to a 

concentration of approximately 50-150 mg/dL triglyceride with water, and sucrose 

was added to a final concentration of 0.1%. The particles were then allowed to adhere 

to a Formvar carbon coated grid and stained with 1% uranyl acetate before 

visualization on a FEI Tecnai Spirit G2 BioTWIN transmission electron microscope 
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equipped with a 4K Eagle digital camera.  Particle size was measured using ImageJ 

software (National Institutes of Health).  

 

3.5.6  Fast performance liquid chromatography (FPLC) 

Pooled plasma samples were separated by gel filtration FPLC. Samples were 

loaded on a GE Superose 6 10/30 GL column (Cat# 175172-01) in 0.15 M sodium 

chloride containing 1 mM ethylenediaminetetraacetic acid and 0.02% sodium azide, 

pH 7.4. 0.5 mL fractions were collected (0.5 mL/min). Total cholesterol and 

triglyceride levels were determined enzymatically using an automated reader (Cobas 

Mira; Roche Diagnostics) and kits: Cholesterol High-Performance Reagent (Roche 

Diagnostics) and Triglyceride-SL (Diagnostic Chemicals Ltd.). 

 

3.5.7 Western blots 

In Figure 3-1, isolated frozen hepatocytes were solubilized in RIPA buffer plus 

protease inhibitors (Sigma). For each sample, 20 µg protein was resolved on a 4-12% 

Bis-Tris NuPage gel (Invitrogen) and transferred to polyvinlyidene fluoride membrane 

(Bio-Rad Laboratories). The membrane was blocked with Super-Block buffer (Pierce). 

Blots were incubated with antibodies against Ldlr (AbCam), Lrp-1 (AbCam), or β-

actin (Sigma) and appropriate HRP-conjugated secondaries (Santa Cruz). Reactive 

bands were visualized by chemiluminescence. In Figure 3-5, plasma was isolated from 

overnight-fasted mice by cardiac puncture (200 µL of plasma per mouse). TRLs were 

isolated by buoyant density ultracentrifugation. 5 µg of TRL protein was loaded in 

each lane, and samples were resolved by gradient SDS-PAGE and transferred to 
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PVDF as above.  Blots were incubated with antibodies against ApoAV (Santa Cruz), 

ApoE (Meridian Life Sciences), and ApoB (AbCam), and appropriate secondary 

antibodies (Odyssey). Reactive bands were visualized on a LiCor fluorescence 

detection system. 

 

3.5.8 Lipoprotein agarose 

Lipoprotein samples (d < 1.006 g/mL) were loaded onto a TITAN Gel (Helena 

Laboratories), electrophoresed, and stained per the manufacturer’s instructions. 

 

3.5.9 Postprandial clearance studies 

Mice were fasted for 12 hours overnight. At 10 am, mice were given a 200 µL 

bolus of corn oil (Sigma) by oral gavage. At the appropriate time points, mice were 

sedated with isofluorane and bled via the tail vein. Triglyceride and cholesterol levels 

were measured as described above. 

 

3.5.10  [3H]retinol organ uptake experiments 

Clearance of chylomicrons derived from dietary triglyceride was measured by 

Vitamin A excursion essentially as described (10). Briefly, 27 µCi of [11,12-3H]retinol 

(Perkin Elmer; 44 Ci/mmol) in ethanol was mixed with 1 mL of corn oil (Sigma-

Aldrich) and administered to overnight fasted mice by oral gavage (200 µL/mouse). 

Blood was obtained 8-hours post-gavage by cardiac puncture and counts remaining in 

the serum were assayed in duplicate by liquid scintillation counting. The mice were 

dissected, and organs were removed. Approximately 100-200 mg of tissue was 
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solubilized in 1 mL of SOLVABLE (Perkin Elmer) at 55°C, and radioactive counts in 

the tissue were assayed by liquid scintillation counting.  

 

3.5.11 Statistical analysis 

Statistical analyses were performed using Prism 4.0c (GraphPad Software) 

using the indicated tests. Significance was taken as P < 0.05. Data are expressed as 

average ± standard deviation. 
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CHAPTER 4 
 

Conclusions and future directions 

 

4.1 Summary 
 
The work described in this thesis characterizes the heparan sulfate 

proteoglycan syndecan-1 as a clearance receptor for triglyceride-rich lipoproteins.  

Several important conclusions can be drawn from this data.  Syndecan-1 is the primary 

proteoglycan receptor for TRLs in mice, and also contributes to clearance in human 

hepatocytes.  Syndecan-1 is an independent endocytic receptor, and binds to 

lipoproteins via its heparan sulfate chains.  Defects in syndecan-1 mediated clearance 

do not appear to play a role in insulin-deficient diabetes mellitus, but syndecan-1 

shedding abrogates clearance in a model of septic shock and thus may contribute to 

hypertriglyceridemia associated with other diseases.   

We also characterized the relative contribution to clearance of the low density 

lipoprotein receptor (Ldlr), the low density lipoprotein receptor related protein-1 

(Lrp1), and heparan sulfate (HS) proteoglycans using mice in which only HS 

proteoglycans, both Ldlr and Lrp1, or all three receptors were inactivated.  We 

conclude that HS proteoglycans clear a distinct subset of particles from those cleared 

by Ldlr, and Lrp1; that HS proteoglycans work independently from Ldlr and Lrp1; and 

that Ldlr, Lrp1, and HS proteoglycans are the three major hepatic TRL clearance 

receptors in mice.   

These studies have advanced our understanding of proteoglycan-mediated 

clearance of TRLs, but several facets of this work warrant further examination.  The 
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purpose of this chapter is to review ongoing and future studies and to discuss the 

broader implications of our work.  

 

4.2 Which lipoprotein ligands mediate physiologically relevant interactions 

with the heparan sulfate chains on syndecan-1?  

Inactivation of Ndst1 selectively in the liver leads to ~50% overall reduction in 

sulfation of heparan sulfate in mice.  Thus, the defects in TRL binding and uptake 

observed in the Ndst1f/fAlbCre+ mice could either be due to reduced overall charge of 

the chains or due to the absence of specific subclasses of sulfate groups. We have 

recently shown that the clearance of TRLs depends not on overall sulfation, but rather 

on the presence of N-sulfate and 2-O-sulfate modified disaccharides (1). This implies 

that a specific ligand on TRLs requires a particular sequence of sulfated sugars in 

heparan sulfate in order to be taken up into hepatocytes. The identity of the relevant 

ligand mediating syndecan-1/lipoprotein interactions has not been conclusively 

determined.  

APOE is secreted into the space of Disse by hepatocytes.  It has been 

suggested that, in vivo, lipoproteins in this space become enriched with APOE, 

possibly to increase the affinity of these particles for receptors (2).  Though APOE is a 

ligand for both LDLR and LRP1, APOE binds to heparin in vitro (3-6), and isolated 

heparan sulfate chains from Ndst1f/fAlbCre+ mice show reduced binding to 

recombinant APOE in a filter-binding assay (7).  In cultured cells, it has been shown 

that APOE plays an important role in binding and internalization via heparan sulfate 

proteoglycans (2, 8-10).  In vivo, hepatic uptake and plasma clearance of β-VLDL 
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enriched in APOE was reduced after intravenous infusion of heparinase (11).  Taken 

together, these studies support the conclusion that APOE might serve as a ligand for 

TRL clearance through syndecan-1. 

APOAV is known to have an important role in triglyceride homeostasis.  In 

humans, variations in the APOA5 gene are associated with increased levels of plasma 

triglycerides, and patients lacking APOAV expression have severe 

hypertriglyceridemia (12-18).  Mice that overexpress ApoAV have reduced plasma 

triglyceride levels (19, 20).  The mechanism by which APOAV regulates triglyceride 

levels is widely debated, however.  APOAV may exert its effects on triglyceride levels 

by suppressing expression of the lipoprotein lipase inhibitor APOCIII (21), thereby 

enhancing lipolytic activity.  Emerging evidence, however, suggests that APOAV acts 

as a ligand and directly enhances receptor-mediated lipoprotein particle uptake in the 

liver.  APOAV interacts with heparan sulfate proteoglycans (22) and with LRP1 (23) 

via a known heparin binding domain.  Further, APOAV deficient mice have reduced 

plasma remnant clearance and liver uptake after perfusion with radiolabeled 

chylomicrons and remnants (24).  Thus, like APOE, APOAV is also a plausible 

candidate to mediate clearance of TRLs through syndecan-1.   

Further experiments are underway to confirm the contribution of both APOAV 

and APOE to syndecan-1 mediated TRL clearance. Treatment with either APOAV- or 

APOE- blocking antibodies significantly reduces the binding of human VLDL to 

isolated syndecan-1 ectodomains (J. C. Gonzales and J. D. Esko, unpublished 

observations).  Co-treatment with both blocking antibodies reduces binding to the 

same level observed when either antibody is used alone, and no inhibition of binding 
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is observed when either APOB-100 or APOB-48 antibodies are used.  This suggests 

that simultaneous interactions with both APOE and APOAV are required for 

syndecan-1 binding. Study of these two ligands may lead to the identification of a 

heparan sulfate oligosaccharide sequence through which ligand binding occurs.  Based 

on previous studies of heparan sulfate ligand binding, we predict that this sequence 

will be approximately 6-12 monosaccharides long (3, 5, 25, 26), and will contain 2-O- 

and N- sulfated residues (1, 7).   

 

4.3  How do lipoprotein ligands interact with syndecan-1? 

The identification of APOE and APOAV as the relevant ligands for TRL 

binding leads to several additional questions.  For instance, how does a lipoprotein 

containing ApoE and ApoAV interact with syndecan-1?  When syndecan-1 deficient 

mice are bred to mice with a conditional ablation of liver Ndst1 (Sdc1-/-

Ndst1f/fAlbCre+), there is neither an increase in fasting triglyceride levels nor an 

enhanced delay in clearance of postprandial lipoproteins in the double mutant mice 

compared to either single mutant (27).  This data confirms that it is the heparan sulfate 

chains on hepatic syndecan-1 that are necessary for binding and uptake of TRLs in 

mice.  

We have observed that approximately one third of beta-eliminated heparan 

sulfate chains removed from syndecan-1 ectodomains bind TRLs just as efficiently as 

entire ectodomains, suggesting that these single chains contain attachment sites for 

both APOE and APOAV (J.C. Gonzales and J.D. Esko, unpublished observations).  

Interestingly, syndecan-1 has attachment sites for three heparan sulfate chains.  
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Statistically, therefore, we would expect that nearly all syndecan-1 molecules would 

contain at least one chain capable of interacting with TRLs.  Our data cannot rule out 

the possibility, however, that binding occurs when multiple chains simultaneously 

interact with TRLs – engaging the lipoproteins in a “proteoglycan hug” (Figure 1-1).  

This scenario would increase the probability of binding, as it would only require each 

chain to have a binding sequence for one ligand instead of two.  Additionally, we 

cannot exclude the possibility that the chains responsible for binding are present on 

different syndecan-1 molecules.  Indeed, syndecan-1 is known to multimerize (28), 

and clustering may be necessary for endocytosis (29, 30).   

In our preliminary structure-function analysis of syndecan-1 presented in 

chapter 2, we found that removal of the attachment site for just one heparan sulfate 

chain (at amino acid 45, Figure 2-8) was enough to significantly reduce syndecan-1 

mediated clearance.  This finding can be interpreted in several ways.  It is possible that 

the chains at the various attachment sites might vary in composition and capacity to 

interact with APOE and APOAV.  However, no evidence exists for site-specific 

differences in chain composition in proteoglycans.  Rather, the finding that the Ad45 

mutant did not rescue clearance most likely represents the fact that interactions with 

multiple heparan sulfate chains are required for lipoprotein clearance.  We predict that 

mutants lacking heparan sulfate attachment sites at either of the other two residues 

(amino acids 37 and 47) would show similar results, and that removal of just one chain 

at any location is enough to significantly reduce the ability of syndecan-1 to engage 

lipoproteins in a “proteoglycan hug”.  
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4. 4  Is liver syndecan-1 uniquely able to mediate clearance? 

In addition to syndecan-1, hepatocytes express other heparan sulfate 

proteoglycans, including syndecan-2, syndecan-4, glypican-4, collagen XVIII, agrin 

and perlecan (27).  Inactivation of syndecan-4 does not result in hypertriglyceridemia, 

and adenovirus-mediated overexpression of this protein did not restore hepatic 

clearance of TRLs in Sdc1-/- mice, excluding its participation in hepatic clearance.  It 

is possible that syndecan-4 is concentrated on the basolateral membrane of 

hepatocytes, and thus cannot interact with lipoprotein particles in the space of Disse.  

Collagen XVIII deficient mice suffer from mild chylomicronemia due to defects in 

peripheral lipolysis (31).  Systemic loss-of-function alleles in perlecan and agrin are 

lethal in mice (32-34), and lipid clearance has not been analyzed in glypican-4 or 

syndecan-2 knockout mice.  However, the lack of enhanced hypertriglyceridemia in 

Sdc1-/-Ndst1f/fAlbCre+ mice would argue that other hepatic heparan sulfate 

proteoglycans do not contribute significantly to TRL clearance.  Additionally, we and 

others have found, using immunoelectron microscopy, that syndecan-1 is concentrated 

on hepatocyte microvilli lining the hepatic space of Disse (27, 35).  It is likely that 

unique conditions favoring TRL clearance exist in this space, such as a locally high 

concentration of lipoprotein ligands (including APOE, secreted by hepatocytes) or the 

presence of “trapped” lipoproteins that have been sequestered in this space by 

extracellular matrix proteoglycans or other factors.  Thus, syndecan-1 may be uniquely 

poised to mediate clearance. 

Does syndecan-1 in other tissues contribute to clearance of TRLs in the 

periphery?  Syndecan-1 is expressed predominantly in epithelial cells and 
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subpopulations of leukocytes, but is also expressed at low levels in most tissues.  Mice 

with an endothelial cell-specific ablation of heparan sulfate (Ndst1f/fTie2Cre+) do not 

accumulate fasting or postprandial triglycerides, suggesting that endothelial syndecan-

1 does not mediate clearance (7). The composition of liver syndecan-1 may be 

uniquely suited to facilitate lipoprotein binding and uptake.  Liver heparan sulfate is 

highly sulfated.  The chains contain approximately 1.34 sulfates per disaccharide (36), 

which is roughly twice the amount observed in other mouse and human tissues. 

Perhaps the core proteins are more highly substituted with heparan sulfate, on average, 

than syndecan-1 in other tissues.  Furthermore, syndecan-1 expression appears to be 

quite high in hepatocytes, which might facilitate multimerization and multivalent 

interactions necessary for binding and/or endocytosis.  

 

4.5 What is the endocytic route followed by syndecan-1 during TRL 

clearance? 

To address this issue, uptake and degradation of radiolabeled lipoprotein 

particles in hepatocytes should be assessed after inhibition of the various endocytic 

routes.  A panel of small molecule inhibitors with known inhibitory activities is 

commonly used in endocytosis studies.  For example, monodansylcadaverine blocks 

clathrin-mediated endocytosis, methyl-β-clyclodextrin blocks caveolae/lipid-raft 

mediated endocytosis, and wortmannin blocks macropinocytosis (41).  Though 

pharmacological inhibition is often informative, many of the agents affect more than 

one pathway.  Thus, results should be confirmed genetically.  Transfection with 

dominant negative Eps15 mutant constructs has been used to disrupt clathrin-mediated 
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endocytosis (42).  Similar experiments can also be performed with dominant negative 

forms of caveolin-1, which have been successfully expressed in cells (43).  Caveolin-1 

deficient mice can also be used to test for defects in postprandial triglyceride-rich 

lipoprotein uptake in vivo (44).    

Previous studies have attempted to characterize the pathway of syndecan-1 

endocytosis in non-hepatic cell lines.  Based on its primary sequence, syndecan-1 

lacks the hallmarks of a classical clathrin-dependent receptor (39) and Wilsie et al 

showed that potassium depletion in syndecan-1-expressing human fibroblasts has no 

effect on 125I-LDL uptake, confirming that uptake is not clathrin mediated (40).  

Endocytosis of DiI-labeled LDL in these cells was inhibited by nystatin, an agent 

known to block lipid raft/caveolae pathways.  Fuki et al further showed that 

endocytosis of a syndecan-1/Fc receptor chimeric protein in transfected CHO cells 

was reduced by methyl-β-cyclodextrin (lipid raft/caveolae inhibitor) in a dose-

dependent manner (30).  The endocytic pathway followed by syndecan-1 in 

hepatocytes is unknown. 

The fate of syndecan-1 after endocytosis is also unclear.  Does this protein 

traffic to lysosomes with lipoprotein particles, or is it recycled to the cell surface like 

other endocytic receptors?  Previous studies have begun to address these issues in 

other cell types (45, 46), but no careful study has been performed in hepatocytes.  

Intracellular trafficking of syndecan-1 can be easily observed using fluorescence 

microscopy, and localization of syndecan-1 in various intracellular organelles can be 

observed by co-staining for markers of those compartments.  For instance, Rab7 and 

LAMP-1 are widely used as markers for late endosomes (47) and lysosomes (48) 
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respectively.  Studies of endocytic routes followed by syndecan-1 are necessary to 

fully understand and characterize syndcan-1 as a receptor for triglyceride-rich 

lipoproteins.   

 

4.6   Is syndecan-1 mediated clearance of TRLs atheroprotective? 

Whether triglyceride levels can be correlated with cardiovascular disease has 

been a subject of intense debate.  It remains a difficult issue to study, as 

hypertriglyceridemia is often associated with other cardiovascular risk factors such as 

metabolic syndrome, obesity, type 2 diabetes mellitus, and proinflammatory and pro-

thrombotic biomarkers (49).  However, several recent studies have suggested that 

hypertriglyceridemia is, in fact, an independent risk factor for cardiovascular disease 

(50-54).  Though chylomicrons are not considered to be atherogenic, triglyceride rich 

remnant particles may contribute directly to foam cell formation in the arterial wall 

(55).  Additionally, elevated triglycerides in the postprandial state has recently been 

named as an additional risk factor for cardiovascular disease (56). 

The mutant mice that we have developed serve as a useful tool to evaluate the 

contribution of syndecan-1 mediated clearance to the development of atherosclerosis. 

To address this issue, wildtype, Cre+Ndst1f/f, Cre+Lrp1f/fLdlr-/-, and 

Cre+Ndst1f/fLrp1f/fLdlr-/- mice should be subjected to high-fat feeding.  Mice should 

then be sacrificed, and the abundance and relative size of aortic atherosclerotic lesions 

among the various genotypes should be compared.  Additionally, stability of the 

lesions should be assessed by measuring smooth muscle cell infiltration and collagen 

deposition in the fibrous cap.  Though mice of the C57BL/6 background are 
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significantly more susceptible to atherosclerosis than other strains of mice (57), 

wildtype mice only develop minimal lesions after western diet/high fat feeding, and 

these fatty streaks can only be seen at particular sites of the arterial tree.  In contrast, 

Ldlr-/- mice develop lesions on a chow diet around six months of age (58), and form 

plaques more quickly with high fat feeding.  Thus, given the role of syndecan-1 in 

TRL clearance, we predict that both lesion number and area will be enhanced in 

Ndst1f/fAlbCre+ mice compared to wildtype.  

Syndecan-1 shedding reduces clearance of TRLs in primary human 

hepatocytes, suggesting that enhanced shedding may lead to the accumulation of pro-

atherogenic particles in humans.  Increased syndecan-1 shedding is observed in vivo in 

a number of pathological conditions, including hemorrhagic shock (59), pulmonary 

fibrosis (60), cancer (61), allergic inflammation (62), bacterial infection (63-67), and 

others (68, 69).  Though it is unknown whether many drug treatments enhance 

syndecan-1 shedding, numerous inflammatory factors have been shown to stimulate 

this process (70-76).  This could provide a partial explanation as to why patients with 

constant low-levels of inflammation have an increased risk of cardiovascular disease 

(77-81).  Experiments should be performed to assess whether syndecan-1 shedding is 

related to the development of atherosclerosis in patients.  This would require a long-

term study to evaluate changes in syndecan-1 ectodomain levels in the plasma, and 

correlation of ectodomain levels with cardiovascular events.  

 

 

 



114

 

4.7 Can polymorphisms in syndecan-1 or heparan sulfate biosynthetic enzyme 

genes explain human hyperlipidemias of unknown etiology?  

Though elevation of plasma triglyceride levels is caused by a number of 

known genetic mutations (82) and disease states (83-85), hypertriglyceridemia in 

patients often has an unknown etiology.  It is therefore possible that mutations in the 

syndecan-1 gene, or in any of the genes important for heparan sulfate biosynthesis, 

could be responsible for clinically relevant cases of hypertriglyceridemia.  Genome-

wide association studies (GWAS) have emerged as powerful tools to identify 

candidate genes associated with clinical traits.  Several recent GWAS studies 

identified novel candidate gene loci contributing to plasma lipid and lipoprotein 

concentrations (86-88), but these studies failed to pick up any relevant polymorphisms 

in syndecan-1 or known HSPG-assembly genes. The polymorphisms that were 

positively identified, however, when combined with all other known polymorphisms, 

account for only 5-8% of interindividual variability after age, sex, and diabetic status 

are factored out (89).  This suggests that there may be many more genes yet to be 

identified.  These recent studies also focused on samples from type 2 diabetic and 

metabolic syndrome patients.  Thus, GWAS studies specifically analyzing otherwise-

healthy hypertriglyceridemic patients and normotriglyceridemic controls may be 

necessary to identify reasonable candidate loci.  

The contribution of syndecan-1 to clearance in humans might be masked in 

healthy subjects due to the action of or compensation by other receptors.  Thus, to 

tease apart the contribution of syndecan-1 polymorphisms to hypertriglyceridemia in 

humans, it may be necessary to look at a cohort of patients in which other TRL 



115

 

receptors have been inactivated.  Familial hypercholesterolemia (FH) patients who are 

homozygous for null alleles of LDLR have severely elevated cholesterol levels and 

modestly increased triglyceride levels.  Heterozygous individuals, however, vary in 

their level of triglyceride accumulation.  It is possible, therefore, that these patients 

have been “sensitized” to the effects of syndecan-1 polymorphisms due to partial 

inactivation of LDLR.  In a preliminary study, we measured the concentration of 

syndecan-1 ectodomains in serum from FH heterozygotes.  Though we did not observe 

any correlation between syndecan-1 ectodomain levels and triglyceride concentrations 

(Y. Deng and J.D. Esko, unpublished observations), the number of samples analyzed 

was relatively small.  Thus, further study of these patients is necessary before any 

conclusions can be drawn.  

 

4.8 Closing remarks 

The incidence of hypertriglyceridemia continues to increase around the globe, 

and the clinical complications resulting from this condition are becoming increasingly 

apparent.  A thorough understanding of the molecules involved in triglyceride 

homeostasis is critically important.  The identification and characterization of 

syndecan-1 as the primary proteoglycan receptor that works independently from other 

known receptors opens up many new avenues for research and is likely to inspire 

numerous new studies among glycobiologists and lipoprotein researchers alike.  As 

the nuances of syndecan-1’s function in triglyceride clearance are elucidated, new 

treatments and prevention strategies are bound to emerge. 
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APPENDIX A 
 

Syndecan-1 is the primary heparan sulfate proteoglycan mediating hepatic 

clearance of triglyceride-rich lipoproteins in mice 

 

This chapter is reprinted from The Journal of Clinical Investigation, Volume 

119, Issue 11, Kristin I. Stanford, Joseph R. Bishop, Erin M. Foley, Jon C. Gonzales, 

Ingrid R. Niesman, Joseph L. Witztum, Jeffrey D. Esko, “Syndecan-1 is the primary 

heparan sulfate proteoglycan mediating hepatic clearance of triglyceride-rich 

lipoproteins in mice”, Pages  3236-45, Copyright © (2009), The American Society for 

Clinical Investigation.  
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APPENDIX B 
 

Insulin deficient diabetes mellitus in mice does not alter liver heparan sulfate 

 

This chapter is reprinted from The Journal of Biological Chemistry, Volume 

285, Issue 19, Joseph R. Bishop, Erin Foley, Roger Lawrence, and Jeffrey D. Esko, 

“Insulin-dependent diabetes mellitus in mice does not alter liver heparan sulfate”, 

Pages 14658-62, Copyright © (2010), American Society for Biochemistry and 

Molecular Biology.   
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APPENDIX C 

Shedding of syndecan-1 from human hepatocytes alters very low density 

lipoprotein clearance 

 

This chapter is a reprint from Hepatology, Volume 55, Issue 1, Yiping Deng, 

Erin M. Foley, Jon C. Gonzales, Philip Gordts, Yulin Li, and Jeffrey D. Esko, 

“Shedding of syndecan-1 from human hepatocytes alters VLDL clearance”, Pages 

277-86, Copyright © (2012) with permission from John Wiley and Sons. 
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SUPPORTING EXPERIMENTAL PROCEDURES 

 
RT-PCR of heparan sulfate proteoglycans. RNA was isolated from primary human 

hepatocytes (RNAqueous; Ambion, Austin, TX), reverse transcribed (Superscript II; 

Invitrogen) and amplified using intron spanning primers (Supporting Table 1). Power 

SYBR green (Applied Biosystems, Foster City, CA) was used to obtain C(T) values. 

Quantitation was done by the 2-
ΔΔ

C(t) method using β-actin as a control (16). C(T) 

values from duplicate assays were used to calculate fold expression compared to β-

actin.  

 

Flow cytometry. Hepatocytes were harvested with Versene (Invitrogen), washed twice 

with cold PBS, and stained with Alexa Fluor 647-labeled syndecan-1 ectodomain 

monoclonal antibody (B-B4 clone; AbD Serotec, Oxford, UK) for 1 hr at 4oC prior to 

analysis by flow cytometry (FACSCalibur, BD Biosciences). 

 

SUPPORTING FIGURE LEGENDS 

Supporting Fig. S1. qPCR analysis of HSPGs in primary human hepatocytes. 

RNA was extracted from primary human hepatocytes, reverse-transcribed, and 

amplified using gene-specific primers. The relative amount of RNA was determined 

by the 2-ΔΔCt method, using β-actin as a control. Ct values for primary human 

hepatocytes were obtained from two independent RNA isolations from two human 

hepatocyte preparations assayed in duplicate. The values represent the mean 

expression compared to β-actin. Error bars represent the range. 
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Supporting Fig. S2. Syndecan-1 knockdown in Hep3B cells. Hep3B cells were 

transfected with syndecan-1 specific siRNAs and incubated for 72 hours. Cells were 

lifted with Versene and stained with Alexa Fluor 647-labeled syndecan-1 antibody. 

Cell surface syndecan-1 was measured by flow cytometry. Cells treated with 

syndecan-1 siRNAs (blue line) showed two populations, one representing ~70% of the 

cells exhibiting ~90% reduction of syndecan-1 staining and a second population 

(~30%) that had normal levels of syndecan-1. Another portion of cells were 

transfected with the scrambled siRNA (dark blue line). Wild-type Hep3B cells (red 

line). 

 

Supporting Fig. S3. PMA induced syndecan-1 shedding. Hep3B cells were 

stimulated with the indicated concentration of PMA for 1 hour (A) or with 0.25 µM 

PMA for indicated time (B). Conditioned medium was collected and subjected to dot 

blotting for syndecan-1 ectodomains. The values represent the average amount of 

syndecan-1 after subtraction of the background (n = 3). 

 

Supporting Fig. S4. ADAM-17 mediates PMA-induced shedding of syndecan-1. 

(A) Different signaling pathway inhibitors were tested for their ability to inhibit 

syndecan-1 shedding induced by PMA. (B) Hep3B cells were pretreated with different 

metalloproteinase inhibitors and then stimulated with 0.25 µM PMA for 1 hour. (C) 

ADAM-17 was silenced by siRNA. Cells were reacted with mAb 281-2 and analyzed 

by flow cytometry. The profiles represent a representative sample (n=4). Samples of 

the medium were also analyzed by dot blotting (cf. Fig. 3). 
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Supporting Fig. S5. Additive effects of altering heparan sulfate and Ldlr on 

plasma lipids. Plasma triglycerides and cholesterol were measured in wildtype mice, 

mice carrying a hepatocyte-specific deletion of the heparan sulfate biosynthetic gene, 

N-deacetylase-N-sulfotransferase (Ndst1f/fAlbCre+ = HS-/-), LDL receptor-deficient 

mice (Ldlr-/-), or mice carrying both mutations. Data was derived from Ref. (23) and 

presented for comparison to similar data obtained from wildtype or Ldlr-/- mice 

injected with LPS (cf. Fig. 8). 
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