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Syndecan-1 is the primary heparan sulfate
proteoglycan mediating hepatic clearance
of triglyceride-rich lipoproteins in mice
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Joseph L. Witztum,3 and Jeffrey D. Esko'2
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University of California, San Diego, La Jolla, Galifornia, USA.

Elevated plasma triglyceride levels represent a risk factor for premature atherosclerosis. In mice, accumula-
tion of triglyceride-rich lipoproteins can occur if sulfation of heparan sulfate in hepatocytes is diminished,
as this alters hepatic lipoprotein clearance via heparan sulfate proteoglycans (HSPGs). However, the relevant
HSPG has not been determined. In this study, we found by RT-PCR analysis that mouse hepatocytes expressed
the membrane proteoglycans syndecan-1, -2, and -4 and glypican-1 and -4. Analysis of available proteoglycan-
deficient mice showed that only syndecan-1 mutants (Sdc1~~ mice) accumulated plasma triglycerides. Sdc1~-
mice also exhibited prolonged circulation of injected human VLDL and intestinally derived chylomicrons. We
found that mice lacking both syndecan-1 and hepatocyte heparan sulfate did not display accentuated triglycer-
ide accumulation compared with single mutants, suggesting that syndecan-1 is the primary HSPG mediating
hepatic triglyceride clearance. Immunoelectron microscopy showed that syndecan-1 was expressed specifically
on the microvilli of hepatocyte basal membranes, facing the space of Disse, where lipoprotein uptake occurs.
Abundant syndecan-1 on wild-type murine hepatocytes exhibited saturable binding of VLDL and inhibition by
heparin and facilitated degradation of VLDL. Furthermore, adenovirus-encoded syndecan-1 restored binding,
uptake, and degradation of VLDL in isolated Sdc1~~ hepatocytes and the lipoprotein clearance defect in Sdc1~/~
mice. These findings provide the first in vivo genetic evidence that syndecan-1 is the primary hepatocyte HSPG

receptor mediating the clearance of both hepatic and intestinally derived triglyceride-rich lipoproteins.

Introduction

Because elevated plasma triglycerides constitute an independent
risk factor for premature atherosclerosis, much interest exists in
determining the factors that affect their synthesis and turnover
(1, 2). Circulating triglyceride-rich lipoproteins (TRLs) arise from
dietary fats in the intestine (chylomicrons) and de novo-synthesized
lipids in the liver (VLDL). In the circulation, chylomicron and VLDL
triglycerides undergo hydrolysis by lipoprotein lipase (LPL), which is
immobilized on receptors on endothelial cells (3, 4). The surround-
ing tissues then take up the liberated free fatty acids for energy gen-
eration, membrane lipid synthesis, or storage as lipid droplets. Rem-
nant lipoproteins arising from LPL-mediated lipolysis are cleared in
the liver by multiple endocytic receptors, including the LDL receptor
(LDLR) and heparan sulfate proteoglycans (HSPGs) (5-8). Recent
genetic studies in mice have demonstrated the importance of these
2 classes of receptors in TRL clearance in vivo (9, 10).

The identity of the physiologically relevant HSPG in hepatocytes
that mediates remnant particle clearance in vivo has not been deter-
mined. Animal cells express multiple HSPGs, including 4 trans-
membrane syndecans, 6 glycosylphosphatidylinositol-anchored
glypicans, an alternatively spliced form of CD44 (v3), TGF-f type III
receptors (betaglycan), neuropilin-1 (11), and 4 secreted proteogly-
cans, perlecan, agrin, collagen XVIII, and serglycin (12). Syndecans
(13-16) and perlecan (14, 17, 18) have been shown to mediate the
internalization of model remnant lipoproteins or TRL preparations
enriched in LPL or apoE. Syndecan-1 can also mediate binding and
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uptake of chylomicron remnants by HepG2 liver cells in vitro based
on antisense and antibody inhibition experiments (19). In vivo evi-
dence pointing to specific hepatic proteoglycans mediating TRL
clearance is more indirect. Yu et al. found that chylomicron rem-
nants labeled with a fluorescent dye co-cluster with syndecan-1 on
hepatocytes in the space of Disse (20), consistent with cell culture
data indicating that clustering of syndecan may facilitate its inter-
nalization by endocytosis (13, 21). However, the authors opposed
a functional role for syndecan-1 as a remnant receptor, suggesting
that syndecan-1 acted merely as a chaperone to other receptors.
As an added complication, overexpression of hepatic syndecan-1
in mice by infection with an adenoviral construct actually induced
hyperlipidemia (22), but this may have reflected liver damage indi-
cated by marked hepatocyte proliferation, apoptosis, and increased
plasma alanine aminotransferase levels.

It is important to determine the relevant HSPG in the liver and
its functional role in remnant clearance, because this would set the
stage for further mechanistic studies of TRL uptake and processing
and provide a candidate gene for allelic analysis in individuals with
hypertriglyceridemia. In the current study, we examined available
mutants in membrane HSPGs and found that mice deficient in
syndecan-1 (SdcI-/- mice) had elevated plasma triglycerides under
fasting conditions and exhibited delayed hepatic clearance of
dietary triglycerides and injected VLDL. Reconstitution of synde-
can-1 expression in hepatocytes in vivo restored normal triglycer-
ide metabolism. The absence of syndecan-1 also caused a decrease
in the binding, uptake, and degradation of VLDL particles in iso-
lated primary hepatocytes. Our findings show that syndecan-1 is
the hepatic HSPG receptor involved in TRL clearance.
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Figure 1

RT-PCR analysis of membrane HSPGs and hypertriglyceridemia in
Sdc1-- mice. (A) 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 fB-actin, using Cr values from triplicate assays according to the
Stratagene manual. Error bars are not shown because they are fac-
tored into the final calculation. Comparable results were obtained in 2
independent preparations of RNA. (B) Triglycerides were measured in
plasma samples from fasted male and female mice of indicated geno-
types. Wild-type (n = 14), Sdc1-- (n = 13), Sdc3- (n = 10), Sdc4--
(n = 8). Horizontal bars indicate mean values.

Results
Sdc17/~ mice accumulate plasma triglycerides. To identify the relevant
HSPGs in hepatic clearance, we first determined the array of pro-
teoglycan core proteins expressed by murine hepatocytes. Quanti-
tative RT-PCR (qRT-PCR) using intron-spanning primers to all of
the known membrane proteoglycans (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1772/
JCI38251DS1) showed that freshly purified hepatocytes expressed
transcripts for syndecan-1, -2, and -4 and glypican-1 and -4 (n = 3)
(Figure 1A). Since the probe sets were validated with preparations
of RNA from other tissues, the absence of detectable mRNA for
other proteoglycans (e.g., syndecan-3, other glypicans, betaglycan,
and CD44v3) was judged important. A similar expression pattern
for syndecans has been reported in rat hepatocytes (23).

Of the 5 membrane proteoglycan transcripts detected in
hepatocytes, murine mutants containing systemic null alleles for
syndecan-1 and -4 were available for further study. Analysis of
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fasted animals showed that only SdcI/- mice had elevated plasma
triglyceride levels, which were approximately 2-fold higher than
those of wild-type mice (95 + 11 mg/dl in Sdc1-/- mice [n = 13] vs.
44 + 19 mg/dl in wild-type mice [n = 14]; P < 0.0001). Sdc4-/- (and,
as an added control, Sdc37/~ mice) had normal plasma triglyceride
levels (n =8) (Figure 1B). Plasma cholesterol levels were unaffected
in Sdc1/- mice (70 + 1 mg/dl in Sdc1-/- [n=13] vs. 74 + S mg/dl in
wild-type mice [n =14]; P=0.3782).

Buoyant density ultracentrifugation of fasting plasma lipopro-
teins from Sdc1/- and wild-type mice showed that triglyceride accu-
mulation occurred in particles of 6 < 1.006 g/ml and 6 = 1.006-1.019
g/ml, respectively, whereas LDL and HDL triglycerides were unaf-
fected (Figure 2A). Only minor differences in the amounts of cho-
lesterol in the separated lipoprotein classes were noted (Figure 2B).
Analysis of lipoproteins of 6 < 1.019 g/ml by SDS-PAGE showed
that they had apoB-48, apoB-100, apoE, and apoC, characteristic
of VLDL particles and chylomicron remnants (Figure 2C). Analysis
of the lipoproteins by gel filtration fast-phase liquid chromatogra-
phy (FPLC) showed that the triglyceride-rich particles eluted like
chylomicron remnants and VLDL, with no obvious change in cho-
lesterol content (Figure 2, D and E). A small decrease in cholesterol
was noted in small, high-density particles, but we did not further
investigate the characteristics of these particles. The lipoprotein
phenotype of SdcI7/- mice was virtually identical to that reported
previously for Ndst1/fAlbCre* mice, which produce undersulfated
heparan sulfate chains in hepatocyte proteoglycans (9).

Sdc17/~ mice exhibit delayed plasma clearance of both VLDL and dietary
triglycerides. Prior studies showed that Ndst1#/AlbCre* mice dis-
played altered hepatic clearance of triglycerides, which suggested
that Sdc1-/- mice might exhibit a similar phenotype (9). VLDL clear-
ance was therefore measured by intravenous injection of a bolus of
human VLDL and periodic blood sampling to determine human
apoB-100 levels by ELISA using mAb MB47. As shown in Figure
3A, the initial rate of clearance of human VLDL was reduced about
2-fold in Sdc1-/- mice compared with the wild-type (¢, = 92 + 18
minutes in Sdcl7~ mice vs. 46 + 7 minutes in wild-type mice, deter-
mined from linear regression of semi-log plots; P =0.0009, n = 6).
Although the absolute clearance rates differed from previous data
obtained from studies of N-deacetylase/N-sulfotransferase-1-defi-
cient (Ndst1-deficient) mice, the fold difference between mutant
and wild-type mice was comparable (9).

The clearance rate of intestinally derived TRLs was also measured
by vitamin A excursion studies. Fasted mice were given a bolus
mixture of [*H]retinol and corn oil by oral gavage, and blood was
sampled at various time points to determine the plasma level of SH
counts. In the intestine, [*H]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 (24). As shown in Figure
3B, the area under the curve for Sdc17~ mice was 2-fold greater than
that for wild-type, indicating that the mutant cleared intestinally
derived lipoproteins at a slower rate (P =0.0034). After 12 hours,
most of the tracer had been cleared in both mutant and wild-type
animals, consistent with previous data showing that LDLRs also
can clear plasma TRLs (9, 24, 25). Clearance of plasma triglycerides
was similarly affected (Figure 3B, inset). The data presented in Fig-
ure 3, Aand B, indicate that syndecan-1 plays a key role in the clear-
ance of both hepatic (VLDL) and intestinally derived TRLs.

Since SdcI-/- mice were created by conventional gene targeting
methods (26), syndecan-1 expression was diminished in all tis-
sues. Thus, other processes related to triglyceride synthesis, secre-
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Figure 2

Hypertriglyceridemia in Sdc7-- mice. (A and B) Triglyceride (A) and cholesterol (B) levels were measured in lipoprotein subclasses separated by
preparative density ultracentrifugation. Each value is from pooled plasma derived from 10 mice. (C) Samples of purified lipoproteins (8 < 1.006
g/ml) were analyzed by gradient SDS-PAGE, and the individual apolipoproteins were visualized by Coomassie blue or silver staining. (D and E)

Plasma triglycerides (D) and cholesterol (E) were analyzed by FPLC.

tion, or lipolysis in non-hepatic tissues could be affected in the
mutant. To determine how the mutation affected overall synthe-
sis and secretion of triglycerides, we injected the mice with Tri-
ton WR-1339, which inhibits lipolysis and lipoprotein clearance
(27), and measured plasma triglycerides at various time points
(Supplemental Figure 1). Analysis of the data showed that triglyc-
eride secretion rates did not differ significantly between Sdc1~~
and wild-type mice (0.51 £ 0.11 mg/min vs. 0.38 + 0.07 mg/min,
respectively). To test whether lipolysis might be altered in tissues,
we measured lipolytic activity in cell-free gonadal fat pad extracts.
No difference in activity in extracts prepared from wild-type and
Sdcl1-- mice was observed (Supplemental Figure 2A). Furthermore,
syndecan-1 was not detected among the various HSPGs expressed
in this tissue (Supplemental Figure 2B). We recently showed that
altering sulfation of HSPGs in endothelial cells does not alter
plasma triglyceride metabolism as well (28). Thus, these findings
suggest that the hyperlipidemia associated with syndecan-1 defi-
ciency was more likely due to defects in hepatic clearance than to
non-hepatic processing of triglycerides.

Additional evidence was obtained by intravenously inject-
ing Sdcl-/- mice with adenovirus containing either Sdcl or GFP
cDNAs. Under these conditions, more than 95% of the adenovirus
is cleared by the liver (29), leading to hepatic-specific expression
of syndecan-1. Three weeks after infection, a bolus of [3H]retinol
and corn oil was administered by gavage and the rate of clearance
was measured. Infection with adenovirus containing syndecan-1
cDNA (AdSdcl) partially restored expression of syndecan-1 (Sup-
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plemental Figure 3A), but nevertheless normalized clearance com-
pared with Sdc17/~ mice infected with AAGFP (P =0.0037), and the
excursion curve was similar to that of wild-type mice (Figure 3C).
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, which may reflect differences in viral
load, timing of the lipid analyses relative to viral infection, or acute
liver injury in the earlier study (22).

Syndecan-1 is the primary HSPG mediating hepatic clearance. The
data presented thus far show that the hyperlipidemia in Sdc17/-
mice resembles the phenotype of Ndst1/fAlbCre* mice, which
produce undersulfated heparan sulfate chains in hepatocytes
due to a deficiency of a specific sulfotransferase, Ndst1. To test
whether other hepatocyte HSPGs can affect plasma triglyceride
levels, Sdc1/- mice were interbred with Ndst17fAlbCre* mice, which
resulted in undersulfation of heparan sulfate chains on synde-
can as well as other hepatocyte-derived proteoglycans. Analysis of
fasting plasma triglycerides showed that compounding the muta-
tions did not result in accumulation of triglycerides to a greater
extent than in either single mutant (Figure 4A; P =0.1373). The
double mutant also displayed delayed [*H]retinol clearance to
the same extent as Sdc1-/~ and Ndst1AlIbCre* mutants (Figure 4B).
The slightly diminished effect in the double mutant was not sig-
nificant (P =0.6670). These data indicate that the heparan sulfate
chains on syndecan-1 are responsible for plasma triglyceride clear-
ance mediated by hepatic proteoglycans.
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Syndecan-1 is localized on microvilli of hepatocytes in the space of Disse.
Prior studies have shown that syndecan-1 is located on basal
membrane of the hepatocytes facing the space of Disse (30, 31).
To confirm these findings, we examined immunofluorescence
micrographs of cryosections prepared from wild-type, Sdc1/-, and
Ndst17fAlbCre* livers. Sections prepared from wild-type mouse livers
showed syndecan-1 localization around the sinusoids (Supplemen-
tal Figure 4A), whereas livers from SdcI-/- mice did not stain, con-
firming the specificity of the antibody (Supplemental Figure 4B).
Additionally, sections prepared from Ndst17fAlbCre*mice showed
that syndecan-1 was localized around the sinusoids as in wild-type
liver sections, indicating that altering the sulfation of the hepa-
ran sulfate chains had no effect on the distribution of syndecan-1
(Supplemental Figure 4C). In contrast to these findings, synde-
can-2 was present mainly on sinusoidal endothelial cells, whereas
syndecan-4 was ubiquitously expressed over the entire hepatocyte
surface (data not shown). Electron microscopy of immunogold-
labeled sections showed enrichment of syndecan-1 on the micro-
villi extending from the basal surface of the hepatocytes (Supple-
mental Figure 4D). Thus, syndecan-1 is positioned appropriately
to encounter remnant TRLs entering the space of Disse.

Syndecan-1 can mediate binding, uptake, and degradation of VLDL. To
determine whether syndecan-1 could directly mediate the binding
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Figure 3

Sdc1-- mice exhibit delayed plasma clearance of triglycerides and
postprandial lipoproteins. (A) Clearance of human VLDL apoB-100
was measured by ELISA using human apoB-100-specific mAb MB47.
Representative data from 3 different experiments is shown and plotted
on a semi-log scale. Wild-type mice, t1» = 46 + 7 minutes (n = 6 mice);
Sdc1-- mice, ti2 = 92 £ 18 min (n = 6 mice). The difference in ti;»
between the genotypes was significant (P = 0.0009). (B) Retinol ester
clearance was measured in wild-type (filled circles, n = 3), and Sdc1--
(open circles, n = 3) mice. Animals were fasted for 4 hours and given
200 ul of corn oil containing [®H]retinol by gavage. Blood samples were
taken and radioactivity remaining in 10 ul of serum was determined
by scintillation counting. The values are expressed as mean + SD.
The areas under the curve were 4,100 + 1,200 for the wild-type and
8,400 = 30 for Sdc1-- mice. Clearance was significantly delayed in
Sdc1-- mice compared with wild-type (P = 0.0034). Right: Triglyceride
values were measured 4 hours after injection. (C) Sdc7-- mice were
injected with AdSdc1 (n = 6 mice) or AAGFP (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 Sdc71--, and
3,200 + 900 for AdSdc1 Sdc71--. Animals treated with AdSdc1 dem-
onstrated clearance similar to that wild-type animals (gray circles,
P =0.1272) and significantly faster clearance than Sdc7-- mice treated
with AAGFP (P = 0.0037).

of physiologically plausible concentrations of unmodified VLDL
by primary hepatocytes, cells were isolated from wild-type mice and
incubated with labeled and unlabeled native VLDL at 4°C. Nor-
mal primary hepatocytes bound 125I-VLDL in a saturable manner,
and the signal was reduced by the addition of heparin (Figure 5A).
Specific binding was then determined by subtracting the counts
obtained in the presence of heparin from the counts obtained in its
absence (Figure SA). Fitting the data to a conventional single-site
binding equation yielded a By value of 8.2 + 1.1 ug VLDL protein/
mg cell protein and a Kp of 43 + 10 ug/ml (~2.2 nM) (R? = 0.9760).
From the B value, we calculated that hepatocytes expressed
approximately 1.4 x 10° binding sites/cell, assuming that the aver-
age size particle had a diameter of 40 nm and a mass of 2 x 107 kDa,
and that protein represented 1.8% of the mass. Binding was also sen-
sitive to dilution with nonradioactive VLDL, yielding specific bind-
ing data comparable to that obtained by heparin inhibition (Figure
SB) (Bmax value of 9.1 + 1 ug VLDL protein/mg cell protein and a
Kp of 51 +9 ug/ml; R? = 0.9871). Much of the binding depended on
syndecan-1, since specific binding was reduced on average by 6-fold
+ 1-fold in primary hepatocytes derived from Sdc1~/- mice compared
with wild-type mice (Figure 5C). These findings are consistent with
previous studies of other cell types and modified lipoproteins (13,
15,19, 32, 33). Since the normal fasting plasma levels of VLDL in
wild-type animals are lower than the calculated Kp values (8 + 3
ug/ml plasma VLDL protein vs. 43-51 ug/ml Kp), we determined
that only a portion of syndecan-1 is normally occupied under these
conditions and the system is well poised to accommodate increased
levels of remnants in the postprandial state.

Prior studies also have shown that syndecan-1 can mediate lipo-
protein uptake and degradation (13, 21). Therefore, we examined
uptake and degradation of VLDL by incubating wild-type and
mutant hepatocytes with 20 ug/ml of I-VLDL at 37°C. After
1 hour, wild-type cells bound and internalized 4.1 + 0.4 ug VLDL/
mg cell protein (Figure 6A), which was about 30% higher than the
amount bound at 4°C (3.2 ug/mg cell protein at 20 ug/ml VLDL;
Figure 5B). Uptake via syndecan-1 led to degradation of 2.4 ug/mg
November 2009 3239
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Hypertriglyceridemia and delayed clearance of dietary lipids in Sdc7-- and Ndst1#AlbCre+ mice are not additive traits. (A) Plasma triglycerides
were measured in plasma samples from fasted mice. There was no difference in plasma triglycerides in Sdc1--Ndst1#'AlbCre* (triangles, n = 9),
Sdc1--Ndst1"AlbCre- (open circles, n = 7), and Ndst17AlbCre* (squares, n = 7) mice, although all 3 genotypes were significantly elevated
above the wild-type, Ndst1”AlbCre- (closed circles, n = 13). Horizontal bars indicate mean values. (B) Retinol ester excursions were mea-
sured at the times indicated in wild-type (filled circles, n = 3), Sdc1-- (open circles, n = 3), Ndst1#AlbCre+ (squares, n = 3), and Sdc1--Ndst17
AlbCre*(triangles, n = 3) mice. Animals were fasted for 4 hours in the morning and given 200 ul of corn oil containing [3H]retinol by gavage. Blood
samples were taken at the indicated times, and radioactivity remaining in 10 ul of serum was determined by scintillation counting. The values are
expressed as mean + SD. The areas under the curves were 4,100 + 1,200 for wild-type, 8,400 + 300 for Sdc1--, 8,300 + 400 for Ndst1#'AlbCre+,
and 6,900 =+ 1,000 for Sdc1--Ndst1"AlbCre* mice. Clearance was significantly delayed in the Sdc1-- mice compared with wild-type (P = 0.0034),
whereas the difference observed between Sdc1-- and Sdc1--Ndst1#/AlbCre* animals was not significant (P = 0.1373).

of cell protein in 1 hour, as measured by the appearance of acid-sol-
uble, non-chloroform extractable 12°I counts in the growth medi-
um. Sdc1~/~ hepatocytes showed a dramatic decrease in both uptake
(1.5 + 0.4 ug VLDL/mg cell protein; P < 0.005) and degradation
(0.4 £0.1 ug VLDL/mg cell protein; P < 0.02) under these conditions.
To confirm that altered uptake and degradation in Sdcl~/~
hepatocytes resulted from loss of syndecan-1, we analyzed pri-
mary hepatocytes isolated from Sdcl17~ mice infected with AdSdc1
or AAGFP. AdSdc1-treated hepatocytes showed increased binding,
uptake, and degradation of 125I-VLDL compared with hepatocytes
derived from mice treated with AdGFP (Figure 6B). Finally, we
examined uptake and degradation in hepatocytes derived from
mice deficient in LDLRs and in combination with a deficiency of
Ndst1. As shown in Figure 6C, the LDLR contributes to binding
and uptake, but to a lesser extent than syndecan-1. LDLR expres-
sion also was not altered in Sdc1-/- or Ndst17fAlbCre* mice (Supple-
mental Figure 3B). Together, these data indicate that syndecan-1
accounts for the majority of »’I-VLDL bound, taken up, and
degraded by wild-type primary hepatic parenchymal cells.

Discussion

The major finding presented in this report is that syndecan-1 medi-
ates hepatic clearance of TRLs in vivo. This conclusion is based on
the observation that TRLs resembling VLDL and VLDL remnants
accumulate in fasted SdcI”/- mice (Figures 1 and 2) and that the
mutant exhibits delayed clearance of TRLs derived from dietary
fat (Figure 3). Importantly, syndecan-1 appears to be the principal
hepatic HSPG involved in TRL clearance, since compounding the
syndecan-1 deficiency with a mutation that affects sulfation of
all heparan sulfate chains on hepatocyte HSPGs did not increase
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the extent of triglyceride accumulation (Figure 4). Syndecan-1,
poised on the microvilli of hepatocytes (Supplemental Figure 4),
can encounter circulating TRLs that enter the space of Disse.
Binding to syndecan-1 showed saturability and inhibition by
heparin (Figure 5), and increased expression of syndecan-1 by viral
transduction corrected the deficiency in postprandial clearance in
the mutant (Figure 3C) and enhanced the uptake and degradation
of VLDL in isolated hepatocytes (Figure 6). Taken together, these
data provide direct genetic evidence that syndecan-1 is the primary
hepatic proteoglycan receptor mediating TRL clearance.

Our genetic studies of hepatic HSPGs extend previous observa-
tions showing that syndecans can mediate lipoprotein uptake in
cultured cells. Fuki et al. introduced several syndecan core proteins
into Chinese hamster ovary cells, which increased cell association
and degradation of lipoproteins enriched in LPL, a protein that
may mediate binding to the heparan sulfate chains on syndecan-1
(13). Subsequently, Zeng et al. showed by antisense and antibody
inhibition that the uptake of chylomicron remnants by HepG2
liver cells was mediated in part by syndecan-1 (19). Uptake by cul-
tured cells depends on the heparan sulfate chains, based on analy-
sis of mutants altered in heparan sulfate biosynthesis, treatment
of cells with heparinases that degrade the heparan sulfate chains,
or pharmacological manipulation of glycosaminoglycan biosyn-
thesis (34-42). Conversely, overexpression of human syndecan-1
increased binding and uptake of VLDL by human fibroblasts
(15). The data presented here demonstrate that TRL binding and
uptake in the liver occur by way of syndecan-1 and establish the
physiologic relevance of those earlier findings.

Syndecan-1, first described by Bernfield and colleagues on mam-
mary epithelial cells (43), is a transmembrane proteoglycan of
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diverse function that modulates cell adhesion and motility, growth
factor activation, tumor growth, and microbial infection (43-49).
Like other proteoglycans, syndecan undergoes endocytosis and deg-
radation in lysosomes (50). Thus, ligands bound to the heparan sul-
fate chains can “piggy-back” into the cell (5), which operationally
defines syndecan-1 as an endocytic receptor of broad specificity.
Syndecan-1 also undergoes proteolytic processing, which results
in shedding of ectodomains containing the attached glycosamino-
glycan chains (51). Although, to our knowledge, the shedding pro-
cess has not been studied in liver, cultured hepatocytes accumulate
ectodomains in the conditioned medium (our unpublished obset-
vations). This finding raises the possibility that shed syndecan-1
ectodomains might bind plasma lipoproteins in the space of Disse
and either prevent their escape back into the plasma or facilitate
their further processing prior to uptake. The fact that compound-
ing syndecan-1 deficiency with a mutation that affects all heparan
sulfate chains produced by hepatocytes has no greater effect on
lipoprotein clearance than either mutation alone (Figure 4) sug-
gests that syndecan-1 might also be responsible for sequestration of
lipoproteins in the space of Disse, as suggested previously (13, 19).

Syndecan-1 has 3 attachment sites for heparan sulfate clustered
near its N terminus and up to 2 chondroitin sulfate chains located
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Figure 5

Syndecan-1 mediates binding of VLDL. (A) Wild-type cells were incubat-
ed with the indicated concentrations of '25]-VLDL in the absence (filled
circles) or presence (open circles) of 10 U heparin for 1 hour at 4°C. The
amount of binding observed in the presence of heparin was subtracted
from the total to obtain specific binding (dashed line, gray circles). (B)
Wild-type (filled circles) and Sdc1-- (filled squares) hepatocytes were
incubated with the indicated concentrations of '25|-VLDL for 1 hour at
4°C. A parallel set of cells was incubated under identical conditions with
250 ug/ml of non-radioactive VLDL. Addition of non-radioactive VLDL
decreased binding in wild-type hepatocytes (open circles) to nearly the
level measured in Sdc1-- cells (open squares). (C) Deletion of synde-
can-1 reduced maximal binding. The counts bound in the presence of
excess non-radioactive VLDL in B were subtracted from the raw data,
and the net counts were converted to ug VLDL protein bound/mg of cell
protein, based on radiospecific activity of the particles (140 cpm/ng).
Each data point represents the average of triplicate analyses, which var-
ied by less than the height of the symbol.

in the membrane proximal region, although the glycosamino-
glycan content of liver syndecan-1 has not been determined. The
binding of TRLs to the heparan sulfate chains presumably occurs
through electrostatic interactions between negatively charged sul-
fate and carboxyl groups with complementary positively charged
domains in the apolipoproteins (apoB and apoE) or lipases (LPL
or hepatic lipase) associated with the particles. In general, only
8-12 monosaccharide residues are needed to bind to many pro-
teins, including LPL and apoE (52-55), but the pattern of sulfate
groups and uronic acids that mediate TRL binding is unknown.
Liver heparan sulfate is unusual in that it is more highly sulfated
than heparan sulfate in other tissues (54, 56, 57). Thus, the high
degree of sulfation of the heparan sulfate chains in hepatocyte syn-
decan-1, compared with that of syndecan-1 in other tissues, might
ensure selective binding of remnant lipoprotein particles to liver
syndecan-1. Binding and/or internalization might depend on the
multiple interactions between one or more chains on syndecan-1
or syndecan multimers with multiple protein ligands associated
with the particles. Clustering of syndecan may in fact trigger inter-
nalization by endocytosis (13, 21).

The abundance of VLDL binding sites on isolated hepatocytes is
also interesting. We estimate from saturation binding curves that
wild-type cells express over 10° VLDL binding sites, and that syn-
decan-1 apparently accounts for the majority of them (Figure 5).
At first glance, this finding would suggest that syndecan-1 should
account for the majority of uptake and degradation of VLDL by
hepatocytes. However, the rates of internalization of proteoglycans
and other more classical receptors, such as LDLR, vary substantially.
In cells that have been studied, endocytosis of syndecans occurs
in a clathrin-independent manner with relatively slow kinetics
(12 = 20-60 minutes) (15, 21, 58, 59) compared with clathrin-
mediated uptake of ligands, e.g., uptake of lipoproteins by LDLRs
(t1/2 = 5-10 minutes) (60). LDLRs are much less abundant (~10* to
5 x 10 receptors/cell) than syndecan-1 receptors (~10° receptors/
cell), but their faster rate of internalization might partially offset
the higher level of expression of syndecan-1, resulting in perhaps
comparable contribution to uptake and clearance. The fact that
both Ldlr/- and SdcI-/- mice both accumulate plasma triglycerides
suggests that neither receptor can fully compensate for each other
(9), but the composition of the particles that accumulate in these
mutants might differ. The quantitative contributions of these 2
receptors to clearance undoubtedly depends on the ligand (chylo-
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micron remnants, VLDL, and LDL), their apolipoprotein composi-
tions, their concentrations, and other factors. Additional studies
of binding, uptake, and degradation in primary hepatocytes are
underway to obtain more insight into this problem.

A third class of receptors, LDLR-related proteins (LRPs), have
also been implicated in TRL clearance (61). LRP apparently can
form a complex with HSPGs (62) and modulate their capac-
ity to bind VLDL. However, inactivation of LRP1 or LRPS5 in
hepatocytes has no effect on fasting plasma triglyceride levels
(61, 63), whereas inactivation of syndecan-1 increases plasma
triglycerides, suggesting that syndecan-1 most likely acts inde-
pendently of LRP receptors under these conditions. LRPs may
aid in the metabolism of lipoproteins after dietary challenge or
under conditions in which other receptors are occupied or ren-
dered inoperative (61, 63). Sorting out the relative contribution
of these receptors will require studies of various double mutants
lacking syndecan-1, LDLR, and LRPs. It is also unknown whether
these 3 receptors undergo coordinate regulation dependent on
plasma triglyceride levels. Preliminary experiments show that the
relative expression of mRNAs for LDLR and LRP1 in hepatocytes
of SdecI7/~ mice is not elevated compared with transcripts in wild-
type hepatocytes, and LDLR protein expression does not differ in
wild-type, Sdcl~/~, or Ndst17fAlbCre* hepatocytes (Supplemental
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Figure 6

Binding, uptake, and degradation of VLDL at 37°C. (A) Uptake and
degradation of VLDL was measured in wild-type and mutant hepato-
cytes after 1 hour of incubation with 20 ug/ml of 125]-VLDL. The bars
represent the sum of binding and internalization under these condi-
tions, or the amount of degradation as determined by acid-soluble,
non-chloroform—extractable counts in the medium. Binding plus uptake
was reduced 2.7-fold in Sdc7-- cells. Degradation was reduced by
nearly 6-fold. (B) Hepatocytes isolated from Sdc7-- mice treated with
AdSdc1 showed enhanced binding and uptake and increased degra-
dation of 125]-VLDL compared with hepatocytes isolated from Sdc71--
mice treated with AAGFP (P < 0.02). (C) Binding and uptake were also
measured in hepatocytes isolated from wild-type, Sdc1--, Ldlr”-, and
LdIr-Ndst1"AlbCre+ mice. Uptake and binding were reduced 2-fold in
the Sdc1--and LdIr-Ndst1"AlbCre+ hepatocytes compared with wild-
type (P < 0.001), while a slight change was observed in Ldlr- com-
pared with wild-type (P < 0.05).

Figure 3B). However, this needs to be examined further in various
paired mutants fed normal and high-fat diets.

A step-wise mechanism of binding remnants by syndecan-1 and
hand-off to LDLR or LRP receptors has been proposed (6, 62).
However, we showed previously that compounding Ldlr/- with
Ndst17fAlbCre* mice causes an additive accumulation of plasma
triglycerides and prolonged the delay in postprandial clearance
manifested by each individual mutant (9). Compounding Ndst1
deficiency with Sdc1/- does not result in additivity (Figure 4),
which implies that the heparan sulfate chains on syndecan-1 are
causally tied to the hyperlipidemia in Sdc1-/- mutants. By inference
then, the heparan sulfate chains on syndecan-1 work indepen-
dently of LDLR. Additional breeding experiments are underway to
make Ldlr/-Sdc1/- mice, to validate this interpretation of the data.
At this time we cannot formally exclude a hand-off mechanism to
LRPs, but inactivation of hepatic LRP1 in vivo does not result in
reduced clearance of remnant lipoproteins (61), and preliminary
data suggest that compounding mutations in Ndstl and LRP1
does not cause higher plasma lipids than altering Ndst1 alone (our
unpublished observations). Finally, a large body data indicates
that proteoglycans can act as independent endocytic receptors for
a variety of ligands, both natural and synthetic (5, 64, 65). Thus,
we believe that the genetic data presented here and previously (9),
coupled with numerous cell culture studies by other groups over
the years (13-19, 21), argue for independent action of proteogly-
cans in the hepatic clearance of triglyceride-rich remnants.

In conclusion, we have determined that syndecan-1 acts as a
primary receptor for remnant TRL clearance in the liver. While
further work needs to be done to determine the relative contri-
bution of syndecan-1 and other receptors to TRL clearance under
different dietary conditions, the data presented here suggest that
mutations affecting the expression of syndecan-1 or the assembly
of the heparan sulfate chains might explain some forms of human
dyslipidemias. Studies of patients with unexplained hypertriglyc-
eridemia are underway to explore this possibility.

Methods
Mice and animal husbandry. Mice deficient in syndecan-1 (Sdc1-/-, provided by
P. Park, Harvard University, Cambridge, Massachusetts, USA), syndecan-3
(Sdc3-/-, provided by P. Sanna, The Scripps Research Institute, La Jolla, Cal-
ifornia, USA), and syndecan-4 (Sdc4/-, provided by P. Goetinck, Harvard
University, Cambridge, Massachusetts, USA) were described previously
(26, 66-68). Ndst17fAlbCre* mice were described by MacArthur et al. (9).
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All mice were backcrossed more than 10 generations on a C57BL/6 back-
ground. 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 IACUC. Mice were weaned at 3 weeks,
maintained on a 12-hour-light/12-hour-dark cycle, and fed ad libitum
with water and standard rodent chow (Harlan Teklad). Genotyping was
performed as previously described (9, 66-68).

Hepatocyte isolation. Mouse hepatocytes were isolated essentially as pre-
viously described (69). Briefly, mice were anesthetized with isoflurane
and perfused via cardiac puncture with 30 ml Krebs-Ringer solution con-
taining 1 mM EDTA (37°C, 7.5 ml/min), followed by perfusion of 30 ml
Krebs-Ringer containing 0.15 mM CaCl, and 0.5 mg/ml type I collagenase
(Sigma-Aldrich). The liver was removed, cut into pieces, and chilled to 4°C
in 40 ml of Krebs-Ringer solution. The tissue was dispersed by pipetting
and filtered through a 70-um nylon cell strainer (BD Falcon). The filtrate
was centrifuged for 3 minutes at 50 gat 4°C, and the cell pellet was gently
resuspended in fresh solution and centrifuged 2 more times. Cells were
then resuspended in Williams media supplemented with 10% FBS and
divided equally across the wells of a 6-well plate precoated with rat tail
type I collagen (Sigma-Aldrich). After 3 hours, the medium was replaced
with Williams medium supplemented with 10% FBS, 1% Insulin-Trans-
ferrin-Selenium (Gibco, Invitrogen), 10 ug/ml epidermal growth factor
(Invitrogen), 0.1 uM dexamethazone, 4.4 uM nicotinamide, and 100 U/ml
penicillin and 100 ug/ml streptomycin. All experiments with primary
hepatocytes were completed within 48 hours of isolation.

Adenoviruses. AdSdc1 was a gift from Pyong Woo Park (Harvard Medical
School, Cambridge, Massachusetts, USA) (70). AdSdc1 and AAGFP were
amplified by the UCSD Vector Development Core Facility. Approximately
4 x 10" particles in PBS (71) were injected via the tail vein (72). Mice were
used after 3 weeks for the experimental procedures indicated in the text.

qRT-PCR of membrane HSPGs. Total RNAs from mouse, liver, heart, and
brain were purchased from Ambion. RNA was isolated from purified
hepatocytes from C57BL/6 mice as described previously (73). Samples
were reverse transcribed (Superscript III; Invitrogen) and amplified
using intron spanning primers (Supplemental Table 1). Quantitation
was done by the 2-44Ct method using B-actin as control RNAs (74).
Crvalues from triplicate assays were used to calculate fold expression
as compared with B-actin, according to the Stratagene manual. Results
were verified in 3 independent assays.

Lipoprotein analysis. Plasma samples were prepared from blood drawn via
retroorbital bleeding from mice fasted for 4-6 hours in the morning. Total
cholesterol and triglyceride levels were determined enzymatically using an
automated reader (Cobas Mira; Roche Diagnostics) and kits (Cholesterol
High-Performance Reagent from Roche Diagnostics and Triglyceride-SL
from Diagnostic Chemicals Ltd).

Lipoproteins were prepared from blood drawn by cardiac puncture
using sequential preparative ultracentrifugation. TRLs (8 = 1.006 g/ml)
were prepared from pooled plasma samples (7 = 10 mice; volume, 5 ml)
by centrifugation for 12 hours at 135,000 g in a Beckman 50.3Ti rotor.
VLDL remnants and IDL were then collected as the § = 1.006-1.019 g/ml
fraction. LDL and HDL were subsequently collected as the 6 = 1.019-1.063
and 0 = 1.063-1.21 g/ml fractions, respectively. The isolated lipoproteins
were dialyzed against PBS and analyzed for lipid content using kits. Plas-
ma lipoproteins were also separated by gel filtration FPLC. Pooled plasma
samples were loaded on a Superose 12 FPLC column (Amersham Biosci-
ences) in 0.15 M sodium chloride containing 1 mM EDTA and 0.02%
sodium azide, pH 7.4, and 0.25-ml fractions were collected (0.1 ml/min).
Equal volumes of the § < 1.006 g/ml float fraction were concentrated on
the Microcon-30s (Millipore), and proteins were resolved by SDS-PAGE
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on 4%-15% Ready Gels (Bio-Rad). Proteins were visualized by Coomassie
blue and silver staining.

VLDL plasma clearance. Human VLDL (8 < 1.006 g/ml) was isolated by
ultracentrifugation from healthy, fasting volunteers. All volunteers gave
informed consent, as required by the UCSD IACUC. Mice were fasted for
6 hours and injected with 10 ug human VLDL protein via the tail vein.
Serial samples were taken by retroorbital bleeds at the indicated times.
The amount of human VLDL remaining in the plasma was determined by
sandwich ELISA, utilizing mAb MB47 specific for human apoB-100 (75).
MB47 does not bind to murine apoB-100, and therefore it can be used to
trace the clearance of injected human VLDL. U-bottom 96-well plates were
coated overnight with MB47 at 5 ug/ml in Tris-buffered saline, followed by
addition of nonsaturating amounts of plasma (typically, 1:100 dilution of
mouse plasma) to capture human VLDL. Bound VLDL was detected using
biotinylated goat anti-human apoB-100 (BIODESIGN International), fol-
lowed by alkaline phosphatase-labeled neutrAvidin (Pierce Biotechnol-
ogy). Plates were developed with Lumi-Phos 530 (Lumigen) and read in a
DYNEX Technologies MLX Microtiter Plate Luminometer.

Vitamin A excursion studies. Clearance of chylomicrons derived from dietary
triglyceride was measured by Vitamin A excursion essentially as described
(24). Briefly, 27 uCi of [11,12-3H]-retinol (PerkinElmer; 44.4 Ci/mmol) in
ethanol was mixed with 1 ml of corn oil (Sigma-Aldrich) and administered
by oral gavage (200 ul/mouse). Retroorbital sinus blood was sampled at
the times indicated, and radioactivity was measured in triplicate (10 ul of
serum) by scintillation counting. Triglycerides were measured enzymati-
cally using a plate reader and kits.

Immunofluorescence microscopy. Livers were perfused at 7 ml/min with
30 ml of PBS/EDTA followed by 30 ml of 4% paraformaldehyde. Livers
were snap-frozen, and 20-um sections were cut on a cryostat. Sections
were plated on glass coverslips precoated with laminin (2 pg/cm?). They
were then fixed with 2% paraformaldehyde in PBS for 10 minutes at room
temperature, incubated for 10 minutes with 100 mM glycine, pH 7.4, to
quench aldehyde groups, permeabilized in 0.1 % Triton X-100 for 10 min-
utes, blocked for 20 minutes with a solution of 1% BSA and 0.05% Tween
in PBS, and then incubated for 2 hours at room temperature with primary
antibodies (syndecan-1, 1:250; syndecan-2, 1:250; syndecan-4, 1:100) in
blocking solution. Rabbit polyclonal antibodies raised against the vari-
ous syndecans were a gift of A. Rapraeger (University of Wisconsin, Madi-
son, Wisconsin, USA). Excess antibody was removed by incubation for 15
minutes with 0.1% Tween in PBS. Samples were then incubated for 1 hour
with Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody
(1:250; Invitrogen) and then washed 6 times at S-minute intervals with
0.1% Tween in PBS and incubated for 20 minutes with the nuclear stain
DAPI (1:5,000) diluted in PBS. Images were captured with a DeltaVision
Restoration microscope system (AppliedPrecision) using a Photometrics
Sony CoolSAP HQ charge-coupled device camera system attached to an
inverted, wide-field fluorescence microscope (Nikon TE200). Optical sec-
tions were acquired using a x63 Nikon (NA 1.3) oil-immersion objective
in 0.2-um steps on the z axis. Fluorescence was detected using a standard
DAPI and Texas Red filter set. Images were saved, processed, and analyzed
on SGI workstations (O2; Octane) using the DeltaVision software package
softWoRx (version 2.50). Quantification of fluorescence was accomplished
using only the linear range of the digital camera.

Immunogold electron microscopy. Samples were fixed in 4% paraform-
aldehyde in 10 mM phosphate buffer, pH 7.4, cryoprotected, and fro-
zen in liquid nitrogen. Ultrathin cryosections were cut at 4°C using a
Leica Ultracut UCT Microtome with an EMFCS cryoattachment (Leica)
and placed on glow-discharged nickel grids. Samples were stored on 2%
gelatin in PBS at 4°C and incubated with rabbit anti-mouse syndecan-1
polyclonal antibody followed by goat anti-rabbit IgG conjugated to 5- or
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10-nm gold particles (Amersham Biosciences) in PBS supplemented with
10% FBS. Grids were absorption-stained with 0.2% neutral uranyl acetate,
0.2% methylcellulose, and 3.2% polyvinyl alcohol. Images were obtained
using a JEOL 1200EX II transmission electron microscope and photo-
graphed using a Gatan digital camera.

Lipoprotein binding and uptake by bepatocytes. Human VLDL (9 < 1.006 g/ml,
~1.1 mg protein) was iodinated using 3 mCi of Na!?I (NEN, PerkinElmer)
using Iodogen (76). Under these conditions, the final radiospecific activ-
ity was 1.4 x 10?2 cpm/ng and 13% of the label was lipid soluble. Isolated
hepatocytes were treated with the indicated concentration of '»I-VLDL
in DMEM media with 2.5 mg/ml lipoprotein-free serum (Biomedical
Technologies Inc.). Cells were incubated at 4°C or 37°C for 1 hour, rinsed
3 times with PBS, and then solubilized with 0.1 M sodium hydroxide.
Protein concentration was determined by Bradford assay (BioRad), and
radioactivity was measured by y counting. Degradation of !2I-VLDL was
measured by precipitation of 0.25 ml of conditioned media with an equal
volume of 50% trichloroacetic acid (16). After 30 minutes at 4°C, the sam-
ples were centrifuged for 30 minutes. The supernatant was placed in a fresh
glass tube, and 5 ul of 40% potassium iodide was added as a carrier. Hydro-
gen peroxide (30%) was added, and lipid-soluble material was extracted by
the addition of 2 ml of chloroform. An aliquot of the upper aqueous phase
containing iodotyrosine was counted as measure of degradation.

Porcine intestinal heparin (M, =12,000-15,000, 180 U/mg) was a gift from
P. Shaklee (Scientific Protein Laboratories Inc., Waunakee, Wisconsin, USA).
In competition experiments, wild-type hepatocytes were treated simultane-

ously with varying concentrations of heparin and 2’I-VLDL and incubated
at 4°C for 1 hour. The signal obtained in the presence of heparin was sub-
tracted from the total binding in order to calculate specific binding.

Statistics. Statistical analyses were performed using PRISM (GraphPad
Software). All data are expressed as mean values + SD unless otherwise
indicated. Significance was determined using an unpaired Student’s
(2-tailed) ¢ test or ANOVA with Bonferroni post-hoc analysis. Significance
was taken as P <0.05.
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