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Apolipoproteins E and AV mediate lipoprotein
clearance by hepatic proteoglycans
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The heparan sulfate proteoglycan (HSPG) syndecan-1 (SDC1) acts as a major receptor for triglyceride-rich
lipoprotein (TRL) clearance in the liver. We sought to identify the relevant apolipoproteins on TRLs that
mediate binding to SDC1 and determine their clinical relevance. Evidence supporting ApoE as a major deter-
minant arose from its enrichment in TRLs from mice defective in hepatic heparan sulfate (Ndst17/AlbCre*
mice), decreased binding of ApoE-deficient TRLs to HSPGs on human hepatoma cells, and decreased clear-
ance of ApoE-deficient [3H]TRLs in vivo. Evidence for a second ligand was suggested by the faster clearance
of ApoE-deficient TRLs after injection into WT Ndst1//AlbCre~ versus mutant Ndst17fAlbCre* mice and elevated
fasting and postprandial plasma triglycerides in compound Apoe~-Ndst17/AlbCre* mice compared with either
single mutant. ApoAV emerged as a candidate based on 6-fold enrichment of ApoAV in TRLs accumulating in
Ndst17fAlbCre* mice, decreased binding of TRLs to proteoglycans after depletion of ApoAV or addition of anti-
ApoAV mADb, and decreased heparan sulfate-dependent binding of ApoAV-deficient particles to hepatocytes.
Importantly, disruption of hepatic heparan sulfate-mediated clearance increased atherosclerosis. We con-
clude that clearance of TRLs by hepatic HSPGs is atheroprotective and mediated by multivalent binding to

ApoE and ApoAV.

Introduction
Accumulation of plasma triglyceride-rich lipoproteins (TRLs) is
now considered an independent risk factor for cardiovascular dis-
ease (1,2). TRLs consist of chylomicrons derived from dietary fats in
the intestine, VLDLs derived from de novo synthesized lipids in the
liver, and remnant particles that arise from lipolysis of these lipopro-
teins in the peripheral circulation. TRLs vary in size dependent on
their origin, but have similar low buoyant density ( < 1.006 g/ml)
due to their high content of triglycerides and cholesteryl esters rela-
tive to protein. TRL-associated proteins include ApoB100 (VLDL)
or ApoB48 (chylomicrons in humans, chylomicrons and VLDL in
rodents), ApoE, ApoCI-ApoClIIl, and multiple less-abundant apoli-
poproteins and lipases, including ApoAl, ApoAll, ApoAIV, ApoAV,
lipoprotein lipase (LPL), hepatic lipase (HL), and endothelial lipase.
Many of the apolipoproteins have profound effects on lipoprotein
metabolism by acting as structural proteins, as cofactors for acti-
vation of enzymes involved in lipolysis, or as ligands for receptor-
mediated clearance of TRLs in the liver and peripheral tissues (3).
TRLs in the circulation undergo lipolytic processing primarily
by LPL immobilized on the capillary endothelial surface by way
of its receptor GPIHBPI, resulting in triglyceride hydrolysis and
release of free fatty acids for energy production or storage in the
surrounding tissue (4, 5). The remnant TRLs then undergo rapid
clearance in the liver by receptors located on the basal membrane
of hepatocytes facing the space of Disse. The dominant endocytic
receptors in the liver for TRL remnants include the LDL receptor
(LDLR), the LDLR-related protein 1 (LRP1), and heparan sulfate
proteoglycans (HSPGs), most notably syndecan-1 (SDC1; refs. 6, 7).
LDLR preferentially clears ApoB-containing lipoproteins, thus
mediating the removal of LDL and subclasses of TRLs containing
ApoB100 or combinations of ApoB48 and ApoE (8, 9). Consistent
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with these observations, mice lacking LDLR exhibit mild hyper-
triglyceridemia under fasting conditions and in the postprandial
state (10). LRP1 shows overlapping specificity with LDLR, pref-
erentially interacting with ApoE-bearing lipoproteins. However,
inactivation of LRP1 in hepatocytes does not cause hypertriglyc-
eridemia, presumably due to compensation by LDLR (11). Genetic
evidence in mice has demonstrated the importance of HSPGs, in
particular SDC1, in TRL clearance (12-14). SDC1 works in parallel
to, but independently of, LDLR based on the compound effect of
altering hepatic heparan sulfate and LDLR deficiency on plasma
triglycerides (12). Recent studies of a Turkish population showed
that SNPs in glucuronic acid epimerase (GLCE), which encodes an
important enzyme involved in heparan sulfate biosynthesis, were
associated with triglyceride and HDL cholesterol levels, a finding
supported by studies of Glce”/~ mice fed a high-fat diet (15).
Studies of mice bearing mutations in enzymes involved in
heparan sulfate biosynthesis showed that TRL binding to SDC1
depends on specific subsets of sulfate groups on the heparan sul-
fate chains, which presumably facilitate interaction of SDC1 with
protein ligands involved in lipoprotein clearance (12-14, 16, 17).
Proteins associated with TRLs that can interact with heparan sul-
fate or heparin (a highly sulfated form of heparan sulfate) include
ApoB48 and ApoB100 (18, 19), ApoE (20-22), ApoAV (23), and
LPL and HL (24, 25). Cell culture studies of model lipoproteins
enriched with ApoE, LPL, or HL have demonstrated enhanced
binding and uptake by HSPGs (26-30). Mutated lipases lacking
enzymatic activity can also act as bridging molecules between
lipoproteins and proteoglycans (31, 32). Furthermore, all of these
factors are manufactured in the liver and secreted into the space
of Disse, where they can potentially bind to HSPGs. These obset-
vations led Mahley and coworkers to suggest that TRL clearance
might occur through a “secretion-capture” hypothesis, in which
TRLs entering the space of Disse become enriched in ApoE or
lipases, thus facilitating their binding to HSPGs (reviewed in
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Figure 1

Murine TRLs require ApoE for binding to cell surface heparan sulfate. (A) TRLs (8 < 1.006 g/ml) were isolated from fasted WT Ndst1#AlbCre-
and mutant Ndst1#/AlbCre+ mice (n = 4 per group) and analyzed by gradient SDS-PAGE. Individual proteins were visualized by silver staining. A
representative gel is shown with n = 2 per genotype. (B) Binding of [BH]TRLs (50 ug/ml) from WT and Apoe~- mice to Hep3B cells was measured
before (filled bars) and after (open bars) treatment with heparin lyases (n = 5). (C) ApoE-deficient [*H]TRLs were reconstituted with recombinant
human ApoE3 and purified by ultracentrifugation (& < 1.006 g/ml). Cell surface binding of the reconstituted particles was measured (n = 8).

refs. 6, 7, 33). In spite of all this information, the physiologi-
cal protein ligands responsible for TRL binding and uptake via
HSPGs in vivo remain undefined.

In the current study, we sought to identify the relevant protein
ligands on TRLs for HSPG-mediated clearance, and the role of
this receptor system in preventing atherosclerosis. We showed that
mutants containing undersulfated hepatic heparan sulfate accu-
mulated TRLs enriched in ApoE and ApoAV. Direct evidence for a
dominant role of these apolipoproteins was obtained by analysis
of apolipoprotein mutants, depletion/reconstitution studies, and
competition with mAbs using a novel lipoprotein-proteoglycan
flotation assay. Our findings suggest that HSPGs clear a unique
subset of particles enriched in both ApoE and ApoAV, and sup-
port a model in which the heparan sulfate chains on SDC1 form
multivalent contacts with both ApoE and ApoAV on the sur-
face of TRLs. Furthermore, disruption of this clearance mecha-
nism resulted in increased plasma triglycerides and a significant
increase in atherosclerosis development in Apoe”~ mice, demon-
strating for the first time that proteoglycan-mediated clearance of
TRLs is atheroprotective.

Results

ApoE mediates TRL binding and clearance by heparan sulfate. To iden-
tify the proteins on TRLs responsible for HSPG-mediated clear-
ance, we analyzed TRLs from mice deficient for the liver heparan
sulfate biosynthetic enzyme N-deacetylase-N-sulfotransferase-1
(NDST1; referred to herein as Ndst17fAlbCre* mice). NDST1 defi-
ciency induced in this way results in undersulfation specifically
of hepatocyte heparan sulfate and accumulation of TRLs in both
the fasted and postprandial state due to altered hepatic clear-
ance (12). We reasoned that if HSPGs preferentially clear subspe-
cies of TRLs, then lipoproteins of unique composition should
accumulate in the mutant. Thus, plasma TRLs from fasted WT
Ndst1#fAIbCre~ and mutant Ndst1#fAIbCre* mice were isolated
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by density ultracentrifugation (8 < 1.006 g/ml), and equal
amounts of protein were analyzed by SDS-PAGE and silver stain-
ing (Figure 1A). ApoE and ApoCs were enriched in TRLs from
Ndst17fAlbCre* compared with Ndst17fAlbCre- mice, whereas no
consistent change in ApoB48 or ApoB100 was observed. Similar
results were obtained when postprandial TRLs were analyzed. Of
the apolipoproteins detected in this way, only ApoE and ApoB
bound to heparan sulfate or to heparin; thus, we focused our ini-
tial experiments on these apolipoproteins.

To examine the participation of ApoE in binding to hepatic
HSPGs, we developed a cell surface receptor binding assay using
metabolically labeled postprandial [*H|TRLs derived from mice
orally gavaged with [3H]retinol and corn oil. Binding to cell sur-
face HSPGs was assessed by incubation of the radiolabeled TRLs
with Hep3B human hepatocarcinoma cells, a cell line expressing
an HSPG profile similar to that of primary human and murine
hepatocytes (13, 34). Incubation of cells at 4°C with [3H|TRLs
derived from WT mice demonstrated saturable binding (maxi-
mum binding, 3.8 + 1.9 ug TRL/mg cell protein; Figure 1B) with an
apparent K; of 38 ug/ml (* = 0.83), which compared well with val-
ues previously obtained for human TRL binding to primary murine
hepatocytes (maximum binding, 8.2 + 1.1 ug VLDL protein/mg cell
protein; Ky, 43 + 10 pg/ml; ref. 13). Subsequent measurements were
made with 50 ug/ml purified TRLs in order to economize the use of
radioactive TRLs. Under these conditions, 3.3 + 0.4 ug TRL/mg cell
protein bound to the cells. Treatment of Hep3B cells with heparin
lyases degraded the heparan sulfate chains and significantly reduced
cell surface binding to 1.3 + 0.1 ug TRL/mg cell protein (P < 0.001;
Figure 1B). The residual binding presumably reflects other recep-
tors (e.g., LDLR) or incomplete removal of heparan sulfate.

In contrast to the behavior of WT TRLs, [*H]TRLs isolated from
Apoe”~ mice bound to Hep3B cells poorly (0.7 + 0.1 ug TRL/mg cell
protein), and the residual binding did not depend on heparan sul-
fate (Figure 1B). Reconstitution of [3H|TRLs from Apoe”~ mice with
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ApoE-independent clearance of TRLs by HSPGs. (A) Isolated [*H]TRLs from WT (filled symbols) and Apoe~- (open symbols) mice were injected
intravenously into WT Ndst17AlbCre- (circles) or mutant Ndst17AlbCre+ (squares) mice (n = 3). Clearance of [3H]TRLs was assessed by measur-
ing the counts remaining in the plasma relative to counts recovered 1 minute after injection. (B) Plasma triglycerides were measured in plasma
samples collected from fasted 8-week-old Ndst17AlbCre~ (n = 9, filled squares), Ndst17AlbCre+ (n = 10, open squares), Apoe”-Ndst1"AlbCre-
(n =19, filled circles), and Apoe~-Ndst1'AlbCre* (n = 15, open circles) mice. (C and D) 10-week-old Apoe-Ndst1#AlbCre- (n = 11, filled circles)
and Apoe~-Ndst1"AlbCre* (n = 8, open circles) mice were gavaged with corn oil, and (C) [3H]retinol excursion and (D) plasma triglycerides

4 hours after gavage were measured.

recombinant human ApoE3 restored binding to Hep3B cells (2.5-fold
versus ApoE-deficient particles; P = 0.002), and the enhanced bind-
ing was heparan sulfate dependent (P = 0.009; Figure 1C). Analy-
sis of ApoE-deficient TRLs by SDS-PAGE showed that in addition
to the loss of ApoE, the particles were enriched with ApoAI and
ApoAIV (Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JCI67398DS1). Interestingly,
reconstitution of ApoE-deficient TRLs with recombinant human
ApoE3 resulted in displacement of ApoAIV, but not ApoAl or other
apolipoproteins (Supplemental Figure 1, B and C, and ref. 35).
Additional evidence demonstrating the importance of ApoE
for HSPG-mediated TRL clearance was obtained by intravenously
injecting [*H|TRLs into Ndst1/fAlbCre- and Ndst17fAlbCre* mice and
measuring their clearance from the plasma. Whereas injected [*H]
TRLs cleared rapidly in Ndst17fAlbCre- mice (t;,2, ~4 minutes), clear-
ance was much delayed in NdstI7fAlbCre* mice (t1/2, >20 minutes;
Figure 2A), confirming the importance of the HSPG-mediated path-
way in vivo. ApoE-deficient [*H|TRLs injected into Ndst1/fAlbCre*
mice showed similarly delayed clearance kinetics (Figure 2A). The
lack of an additive effect of compounding these 2 alterations sup-
ports the idea that ApoE on TRLs interacts with hepatic HSPGs.
ApoE-deficient [*H|TRLs in NdstI/fAlbCre* mice displayed slower
clearance compared with those in Ndst1/fAlbCre- mice (1.2, ~20
vs. ~10 minutes; Figure 2A), which suggests that there might be
another ligand on TRLs that can interact with hepatic HSPGs. We
2744
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reached a similar conclusion by analysis of plasma triglycerides in
Ndst17fAlbCre*, Apoe”~, and compound Apoe”/~Ndst1/fAlIbCre* mice.
NDST1 and ApoE deficiency resulted in modest hypertriglyceridemia
compared with Ndst17/AlbCre~ mice (Ndst1/fAlbCre, 105 + 16 mg/dl,
n=9; Ndst1/fAlbCre*, 228 + 25 mg/dl, n = 10; Apoe”/~, 197 + 12 mg/dl,
n = 19; Figure 2B), as shown previously (9, 12-14). The absence
of ApoE led to increased plasma cholesterol as well, but NDST1
deficiency did not (Supplemental Figure 2). Importantly, plasma
triglycerides accumulated to a greater extent in Apoe”/~Ndst17fAlbCre*
mice (334 + 23 mg/dl, n = 15; Figure 2B) than in either single
mutant. A significant delay in the clearance of intestinally derived
TRLs occurred in Apoe/~Ndst17fAlbCre* versus Apoe”~ mice (AUC,
9,300 vs. 5,800; Figure 2C), resulting in elevated postprandial
plasma triglycerides in Apoe”/~Ndst1#fAlbCre* mice compared with
their Apoe”/~Ndst1/fAlbCre littermates (Apoe/ Ndst1/fAlbCre®,
538 + 63 mg/dl, n=9; Apoe/"Ndst17fAlbCre, 251 + 21 mg/dl,n=11;
P =0.0002; Figure 2D). The increase in fasting plasma triglycerides
and impairment in clearance of dietary lipids in the compound
mutant compared with the single mutants, along with the slower
clearance of injected ApoE-deficient [SH|TRLs in Ndst1/fAlbCre* ver-
sus Ndst17fAlbCre- mice, strongly suggest that HSPG-mediated TRL
clearance does not exclusively depend on ApoE.

The ApoE-independent pathway of TRL clearance by heparan sulfate does
not involve ApoB. In light of these findings, we examined the contri-
bution of other TRL-associated proteins known to bind to heparin.
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Figure 3

TRL binding to heparan sulfate is independent of ApoB. (A) Binding of [3BH]TRLs from Apob09/700 and Apob*4¢ mice to Hep3B cells was measured
before (filled bars) or after (open bars) treatment with heparin lyases (n = 4). Binding of WT [(H]TRLs done at the same time is repeated here from
Figure 1B for comparison. (B) Fasting plasma triglycerides from Apob™0100Ndst1#'AlbCre- (n = 12, filled triangles), Apob™0100Ndst1%AlbCre*
(n =13, open triangles), Apob*¥4Ndst1"AlbCre- (n = 8, filled circles) and Apob*#48Ndst17AlbCre+ (n = 13, open circles) mice were measured.
Plasma triglycerides from Ndst1#/AlbCre- animals (squares) are included from Figure 2B for comparison. (C) Binding of purified [3*S]HSPG
ectodomains to human TRLs (hTRL) was measured by ultracentrifugation (see Methods). Binding of [3*S]JHSPGs to human TRLs (filled circles)
occurred in a saturable manner and was inhibited by heparin (open circles). (D) Binding of [33S]JHSPGs to ApoB48 only (open circles) or mixed
human TRLs (filled circles) was measured. SDS-PAGE and silver staining for ApoB of purified human TRLs is also shown. (E) Diagram of epitope
map for ApoB mAbs. Specific residues recognized by Abs are shown in parentheses, and heparin binding sites are shaded gray. Image is not
drawn to scale. (F) [¥®*S]JHSPG binding to human TRLs was measured by ultracentrifugation in the absence (black bar) or presence of mouse IgG
(dark gray bar) or mAbs specific for domains spanning ApoB (MB19, MB43, and/or MB47; light gray bars). A control experiment done without
human TRLs (white bar) is shown for comparison.

We excluded any contribution from ApoB based on several criteria.  binding of [*H|TRLs derived from ApoB100- and ApoB48-deficient
First, binding of [*’H]TRLs derived from Apoe”~ mice to hepatocytes  mice (referred to herein as Apob*¥/# and Apob!?%/1%0 mice, respectively;
did not depend on heparan sulfate (Figure 1B), yet these particles ~ Supplemental Figure 3) was similar to that of WT TRLs (Apob!9%/1%,
contained ApoB, mostly ApoB48 (Supplemental Figure 1A). Second, 2.9 + 0.2 ug TRL/mg cell protein; Apob*#,2.9 + 0.5 ug TRL/mg cell
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Figure 4

TRLs from mice with impaired HSPG-mediated TRL clearance accumulate ApoAV. (A) Western blot of mouse TRLs from Ndst17AlbCre- and
mutant Ndst1#AlbCre+ mice using Abs against LPL,HL, and ApoAV. Homogenates of heart and liver were used as positive controls. Human
TRLs were also probed for the presence of ApoAV with a human anti-ApoAV mAb (right). (B) Fasting TRLs from Ndst1%AlbCre-, Ndst1"AlbCre*,
and Ldir-Lrp1#AlbCre* mice were analyzed by SDS-PAGE and probed for the presence of ApoAV by Western blotting. The blots were
scanned by densitometry, and the amount of ApoAV was normalized to ApoB for each sample and presented as AU. n = 8 (Ndst1"AlbCre-); 13

(Ndst1AlbCre*); 7 (LdIr'-Lrp1%AlbCre*).

protein; WT, 3.3 + 0.4 ug TRL/mg cell protein; Figure 3A). Third,
binding of both ApoB-restricted mutant particles was significantly
reduced after treatment of Hep3B cells with heparin lyases, but not
to any greater extent than WT TRLs (Figure 3A). Fourth, triglyceride
accumulation in Apob!*/ 1 Ndst1/fAlbCre* and Apob*¥/#*Ndst1/fAlbCre*
mice was not elevated compared with Ndst1”/AlbCre* mice (Figure 3B).
Finally, binding of TRLs to HSPGs was not affected in vitro by
mAbs raised against different domains of ApoB. In these latter
experiments, we took advantage of the observation that shed SDC1
ectodomains will form complexes with purified TRLs from human
plasma, based on an assay in which 35S-labeled HSPG ectodo-
mains are mixed with human TRLs and subjected to ultracentri-
fugation (34). Under these conditions, complexes of human TRLs
with [3°S|ectodomains floated in saline solution containing non-
ionic iodixanol (8 = 1.019 g/ml), while unbound [**S]ectodomains
sedimented. Binding was concentration dependent and saturable
(Figure 3C), and under these conditions, about 25%-35% of [*°S]
ectodomains bound to human TRLs. Heparin, a highly sulfated
derivative of heparan sulfate, abolished binding of the ectodo-
mains (Figure 3C). Using this assay, we showed that particles bear-
ing only ApoB48, which were separated by immunoprecipitation
with an ApoB100-specific Ab, did not differ in ectodomain binding
(Figure 3D). Furthermore, the ApoB mAbs MB19 (which binds to
the N-terminal domain of ApoB and reduces LDL binding to hepa-
rin), MB43 (ApoB100-specific), and MB47 (ApoB100-specific), or
the combination of MB19 and MB47, had no effect on TRL binding
to ectodomains (Figure 3, E and F, and refs. 36-38). Other mAbs
that recognize epitopes on both ApoB isoforms (MB2, MB3, and
MB11) also had no effect (data not shown and refs. 38, 39). Thus,
although particles that bind to heparan sulfate contain ApoB, this
apolipoprotein appears to be dispensable for the interaction.

The ApoE-independent pathway of TRL clearance by heparan sulfate
involves ApoAV. To investigate other candidate heparin-binding
proteins, fasting TRLs from Ndst1/fAlbCre- and Ndst1/fAlbCre*
2746
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mice were subjected to SDS-PAGE and analyzed by Western blot-
ting. Previous work has suggested that LPL and HL can facilitate
remnant clearance by acting as bridge between TRLs and hepatic
HSPGs (32, 40). However, we did not detect either lipase in TRL
preparations derived from Ndst1//AlbCre- or Ndst1/fAlbCre* mice
(n = 4 per genotype; Figure 4A). In contrast, ApoAV was detect-
ed and enriched approximately 6-fold on TRLs derived from
Ndst17fAlbCre* versus Ndst17fAlbCre- mice (Ndst I7fAlbCre*,3.1 £ 0.6 AU,
n = 13; Ndst17fAlbCre-, 0.5 = 0.2 AU, n = 8; P = 0.0029; Figure 4B).
We previously did not observe ApoAV in TRLs accumulating in
Ndst17fAIbCre* mice (12), presumably because of a lack of sensitiv-
ity of the staining techniques. ApoAV was also enriched in TRLs
in Apoe”~ mice (Apoe~, 5.1 + 1.2 AU; WT, 0.5 + 0.2 AU; data not
shown), consistent with the role of ApoE in clearance mediated by
HSPGs. Importantly, mice deficient in LDLR and hepatic LRP1
(Ldlr/-Lrp17fAlbCre* mice) also had elevated plasma triglycerides
(361 + 44 mg/dl, n = 7), but did not accumulate TRLs bearing
ApoAV (0.4 + 0.1 AU, n = 7; Figure 4B). These findings demon-
strated that ApoAV accumulation in NdstI7/AlbCre* mice strictly
depends on loss of hepatic heparan sulfate, and does not simply
reflect impaired TRL clearance.

ApoAV deficiency alters peripheral lipolysis, resulting in the accu-
mulation of very large TRLs that would confound the interpretation
of binding experiments with ApoAV-deficient particles (41). Howev-
er, we were able to compare the behavior of comparably sized particles
by depleting TRLs of ApoAV. Treatment of human TRLs with a mAb
against human ApoAV depleted ApoAV particles by 85% (Figure SA),
without affecting the content of ApoB and ApoE. Removal of
ApoAV reduced binding of [3°S]ectodomains compared with human
TRLs treated with nonspecific murine IgG (P = 0.0001; Figure SA).
Furthermore, anti-ApoAV mAb inhibited binding of unmodi-
fied human TRLs in a dose-dependent manner (ICso, ~0.5 ug/ml),
similar to anti-ApoE mAb (ICso, ~0.25 ug/ml), whereas nonspecific
mouse IgG had no effect (Figure SB).
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TRL binding to HSPGs depends on ApoE and ApoAV. (A) Human TRLs were subjected to 3 rounds of immunoprecipitation using nonspecific
mouse IgG or ApoAV-specific mAb, and the cleared, Ab-free solution was collected. [33S]JHSPG binding to the preparations was measured by
ultracentrifugation. SDS-PAGE and Western blot for ApoAV content of human TRLs after treatment with nonspecific IgG and ApoAV-specific IgG
is also shown. (B) [3*S]HSPG binding to human TRLs in the presence of increasing amounts of mouse IgG (filled circles) or mouse mAbs specific
for ApoE (open squares) or ApoAV (open circles). (C) Murine [3H]TRLs from Ndst17/AlbCre+ were subjected to 3 rounds of immunoprecipitation
using nonspecific mouse IgG or ApoAV-specific mAb, and the Ab-free solution was collected. Murine [2H]TRL binding to Hep3B cells at 4°C was
measured before and after treatment with heparin lyases (n = 3) and expressed as bound TRL (in micrograms) per cell protein (in milligrams).

Treatment of murine TRLs derived from Ndst1/fAlbCre* mice
with mAb against murine ApoAV also resulted in ApoAV dis-
placement (>95%), allowing us to examine whether clearance of
ApoAV-depleted murine [*H]TRLs is impaired after their injec-
tion into WT mice. Only a modest difference was observed after
depletion of murine [3H]TRLs compared with murine [*H]TRLs
treated with nonspecific IgG (t1,2, ~3.5 minutes vs. 3.2 minutes,
n =4; P =0.4145; data not shown). The difference was accentu-
ated by depleting ApoAV from TRLs derived from Apoe~~ mice, but
still did not reach significance (7.6 minutes vs. 5.6 minutes, n = 4;
P =0.1320; data not shown). To circumvent potential confound-
ing effects of apolipoprotein reconstitution that might occur in
vivo, we examined binding of depleted particles to hepatocytes in
culture. Binding of ApoAV-depleted murine [3H|TRLs to Hep3B
cells was significantly reduced compared with murine [*H|TRLs
treated with nonspecific IgG (P < 0.01; Figure 5C).

SDC1, like other HSPGs, contains up to 3 attachment sites for
heparan sulfate clustered near the N-terminus of the protein.
Because binding of TRLs to ectodomains appeared to depend
on both ApoE and ApoAV, we examined whether the interaction
depends on the presentation of clustered heparan sulfate chains
on the ectodomains. Because of their large hydrodynamic volume
(42), [3°S]ectodomains eluted toward the void volume during gel
filtration chromatography on CL-4B resins (Figure 6A). Alkaline
treatment of the ectodomains resulted in B-elimination and lib-
eration of the individual chains, as demonstrated by the more
retarded elution of individual chains compared with the native
ectodomains (Figure 6A). Binding of individual chains to TRLs
also occurred in the flotation assay and, like binding to intact
ectodomains, binding to individual chains was sensitive to added
heparin (Figure 6B). Typically, 20%-35% of the [33S]ectodomains
or [3S]heparan sulfate chains would associate with the human
TRLs in this assay, which suggests that only a subpopulation of
the ectodomains and chains has the capacity to bind under these
conditions. mAbs directed against ApoE or ApoAV prevented the
formation of complexes to the same extent (Figure 6C). These
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findings suggest that individual chains contain binding sites for
both of ApoE and ApoAV and that simultaneous interaction with
these apolipoproteins provides for optimal binding.

Clearance of TRLs by HSPGs is atheroprotective. To determine the
relevance of hepatic TRL clearance mediated by HSPGs, we exam-
ined 6-month-old Apoe”~Ndst1/fAlbCre* and Apoe”~Ndst1/fAlbCre
mice for spontaneous atherosclerosis. Like the younger animals
described in Figure 2B, the older Apoe”~Ndst1/fAlbCre- mice showed
elevated plasma triglycerides compared with Apoe/~-Ndst17/AlbCre*
mice (Apoe”/~Ndst1/fAlbCre*, 250 + 82 mg/dl; Apoe/~Ndst17fAlbCre-,
169 + 33 mg/dl), and plasma cholesterol remained unchanged
(Apoe/~Ndst17fAlbCre-, 356 + 57 mg/dl; Apoe/-Ndst1/fAlbCre,
378 + 66 mg/dl; data not shown). Analysis of the plasma lipo-
proteins by gel filtration fast protein liquid chromatography
(FPLC) showed accumulation of triglycerides in large TRLs and
no change in cholesterol-rich lipoproteins (Figure 7, A and B). En
face analysis of aortas from chow-fed Apoe~~Ndst1/fAlbCre* mice
demonstrated a striking 2.25-fold increase in plaque formation
in the aortic arch compared with Apoe”~Ndst1/fAlbCre littermates
(Apoe/-Ndst1/fAlbCre*, 2.81 + 0.40 mm?; Apoe”/~Ndst17fAlbCre-,
1.24 +0.27 mm?; P =0.010; Figure 7C). Both females and males were
affected to the same extent. These findings provide the first evidence
that HSPG-mediated clearance of TRLs is atheroprotective.

Discussion

Our present findings demonstrated that ApoE and ApoAV are the
dominant particle-associated proteins involved in TRL binding to
HSPGs in mice. This conclusion is based on (a) accumulation of
TRLs bearing ApoE and ApoAV in Ndst17fAlbCre* mice (Figures 1
and 4); (b) failure of TRLs isolated from Apoe”~ mice to bind to
hepatocytes in a heparan sulfate-dependent manner, with resto-
ration of binding by reconstitution of ApoE-deficient TRLs with
recombinant human ApoE3 (Figure 1); (c) decreased clearance of
ApoE-deficient TRLs in Ndst17/AlbCre- mice and lack of any further
reduction in Ndst17fAlbCre* mice (Figure 2); (d) inhibition of binding
of human TRLs to 35S-labeled HSPG ectodomains by mAbs specific
Number 6 2747
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Figure 6

ApoE and ApoAV mediate binding of TRLs to heparan sulfate chains. (A) Gel filtration chromatography of [3*SJHSPG ectodomains (filled circles)
and [¥5S]heparan sulfate chains (open circles). (B) Binding of [33S]heparan sulfate ([33S]HS) or [33S]HSPGs to human TRLs was measured by
ultracentrifugation. (C) Inhibition of [33S]heparan sulfate binding to human TRLs by mAbs against ApoE or ApoAV.

to ApoE and ApoAV, but not to ApoB (Figures 3-5); (d) reduction
of binding after depletion of ApoAV from human and murine TRLs
(Figure 5); and (e) decreased clearance of ApoAV-depleted particles
in vivo. Although the in vivo data were derived from genetic studies
in mice, we infer from the in vitro studies of human TRLs that these
same factors may be relevant to remnant clearance in humans.

Studies of Apoe”~ mice 2 decades ago demonstrated the impor-
tance of ApoE as a major determinant for remnant lipoprotein
clearance in mice. Apoe”~ mice exhibit impaired lipoprotein clear-
ance, elevated plasma triglycerides and cholesterol, and extreme
susceptibility to atherosclerosis (43). Interbreeding of Apoe”~ mice
with Ldlr/~ mice showed that plasma triglyceride levels were similar
in Ldlr/-Apoe”~ and Apoe”~ mice, but higher than in Ldlr/~ mice,
suggesting a second receptor dependent on ApoE (9). Jiet al. showed
that addition of ApoE to rabbit 3-VLDLs resulted in enhanced
binding to and uptake via cell surface HSPGs (28), and Wilsie et al.
showed that ApoE enrichment of human VLDL enhanced binding
to SDCI1 transfected cells (44). ApoE is found at high concentra-
tions on the sinusoidal side of the basal membrane of hepatocytes
(45), which led to the idea that ApoE produced by hepatocytes
might enrich lipoproteins in the space of Disse and enhance clear-
ance through proteoglycans (secretion-capture hypothesis; ref. 46).
The binding site in ApoE for heparin has been characterized (20,
22). Furthermore, several naturally occurring ApoE variants that
exhibit reduced binding to heparin have been found in patients
with hyperlipoproteinemia (47-49). These prior findings, coupled
with the experimental evidence presented here, firmly establish the
importance of ApoE in TRL clearance by HSPGs.

ApoAV, another heparin-binding apolipoprotein (23), also
plays a key role in TRL metabolism. Apoar/~ mice accumulate
plasma triglycerides 4-fold, whereas transgenic mice overexpress-
ing ApoAV have reduced plasma triglycerides (50). Apoav~~ mice
have very large TRLs due to impaired lipolysis caused by dimin-
ished interactions with LPL and/or endothelial LPL receptors,
such as GPIHBP1 and endothelial HSPGs (41, 51, 52). ApoAV has
also been suggested to promote clearance of TRLs by acting as a
ligand for receptor-mediated endocytosis (53). The accumulation
of TRLs bearing ApoAV in Ndst17/AlbCre* mice and the inhibition
of binding to HSPG by depletion of ApoAV or by addition of neu-
tralizing Abs provides experimental evidence for a role of ApoAV
in proteoglycan-mediated clearance. Although ApoAV has been
2748
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suggested to act as a ligand for LDLR family members, we favor
the idea that ApoAV facilitates TRL binding to hepatic proteogly-
can receptors, which act independently of members of the LDLR
family (12, 13). The lack of accumulation of TRLs bearing ApoAV
in Ldlr/-Lrp1/fAlbCre* mice, in which HSPG-mediated clearance is
intact, provides further support for this conclusion. Important-
ly, human population studies have shown a positive correlation
between SNPs in ApoAV and plasma triglycerides, particularly in
individuals with hypertriglyceridemia (50, 54). Our present find-
ings suggest that impairments in HSPG-mediated TRL clearance
could account for this positive correlation, a hypothesis that war-
rants further investigation.

Remarkably, the concentration of ApoAV in plasma was extreme-
ly low compared with other apolipoproteins, and its accumulation
in Ndst17fAlbCre* mice required Western blotting for detection. It
has been estimated that as few as 1 in 24 VLDL particles carries
ApoAV in plasma (55). Superficially, the low abundance of ApoAV-
bearing particles would appear to be inconsistent with the obser-
vation that HSPG receptors, notably SDC1, account for a large
proportion of TRL clearance (~50% under fasting conditions and
as much as 70% under postprandial conditions; ref. 13). However,
the 6-fold enrichment in ApoAV in TRLs from Ndst17fAlbCre* mice
suggests that approximately 25% of TRLs contain ApoAV in the
absence of HSPG-mediated clearance. Thus, the low concentra-
tion of ApoAV in Ndst17/AlbCre- mice most likely reflects efficient
clearance of ApoAV-bearing lipoproteins from the circulation.
One should also keep in mind that plasma ApoAV concentration
might not reflect events occurring in the liver, the site of ApoAV
production (50). Although the concentration of ApoAV in the
space of Disse is unknown, it is intriguing to speculate that a dual
“enrichment-capture” mechanism might exist, in which remnant
lipoproteins could become enriched for ApoAV as well as ApoE
when they enter the liver (53, 56).

ApoB, which also binds to heparin, does not appear to participate
directly in HSPG-mediated clearance. Clearance of ApoB48 and
ApoB100 particles occurred normally in Ndst17/AlbCre* mice, and no
additive effects were noted in compound mutants. Moreover, Apoe”~
TRLs contained ApoB48, but no longer bound to hepatocytes in a
heparan sulfate-dependent manner. Additionally, mAbs directed
against ApoB had no effect on binding of human TRLs to proteo-
glycan ectodomains. Thus, the heparin-binding capacity of ApoB
Number 6
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does not appear to facilitate binding of TRLs to HSPGs. Conceiv-
ably, domains involved in heparin binding might not be exposed in
TRLs, only appearing as the particles are reduced in size or convert-
ed to LDL (36). The observation that LDL can form complexes with
arterial heparan sulfate (57) appears to be consistent with this idea.
With respect to hepatic clearance, we propose that ApoB is primarily
responsible for interaction with members of the LDLR family.

Multiple studies have demonstrated that the triglyceride lipases
HL and LPL could act as ligands for TRL binding to HSPGs, inde-
pendent of their catalytic capacity (32, 58-61). Both lipases bind
to heparan sulfate, and enrichment of TRLs with either lipase led
to enhanced binding to cell surface HSPGs (26, 62). However, the
importance of these lipases in HSPG-mediated clearance in vivo
has been difficult to assess, because knockout models of the lipas-
es are confounded by lipolysis defects and other effects on lipopro-
tein metabolism. We were unable to detect LPL or HL on freshly
isolated TRLs from Ndst17fAlbCre~ or Ndst17/fAlbCre* mice and
human TRLs. Furthermore, anti-human LPL mAb has no effect
on binding of human TRLs to HSPG in vitro (J. Gonzales and ].D.
Esko, unpublished observations). Enrichment of TRLs and other
lipoproteins with LPL or HL can clearly provide additional capac-
ity for HSPG interaction, but the physiologic relevance of these
observations with respect to hepatic clearance remains question-
able, based on the findings presented here.
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Figure 7

Disruption of HSPG-mediat-
ed TRL clearance enhances
atherosclerosis develop-
ment. (A and B) Lipoproteins
from pooled plasma samples
(n = 6) from Apoe-Ndst1%
AlbCre- (filled circles) and
Apoe~-Ndst1"AlbCre+ (open
circles) mice were analyzed
by FPLC gel filtration, and
the amount of (A) triglyc-
eride and (B) cholesterol
was determined. (C and D)
6-month-old Apoe~-Ndst1
AlbCre- (n = 8) and Apoe-
Ndst1"AlbCre* (n = 12) mice
on standard chow diets were
analyzed for spontaneous
atherosclerosis develop-
ment. (C) Plaque formation
in the aortic arch from males
(squares) and females
(circles) was quantified. (D)
3 representative images of
stained aortas from females
for each genotype.
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Based on the ability of free heparan sulfate chains to bind to
human VLDL particles, we believe that binding of TRLs to SDC1
most likely depends on multivalent interactions. Interestingly, gel
filcration of the heparan sulfate chains from hepatoma cells and
human liver indicate an average molecular mass of approximately
16 kDa, corresponding to approximately 60 disaccharides per
chain (63). Most heparin-binding proteins require only 4-6 disac-
charides for binding (64); thus, the chains can easily bind multiple
protein ligands if they possess the appropriate arrangement of sul-
fated sugars and epimers of uronic acids. We therefore propose a
model in which a TRL particle binds to 1 or more heparan sulfate
chains on SDC1 via multiple contacts with ApoE or combinations
of ApoE and ApoAV.

Hypertriglyceridemia is an independent risk factor for cardio-
vascular disease, and there is increasing evidence that remnant
TRLs contribute to the development of atherosclerosis (1, 2).
Our findings support this conclusion and provide the first evi-
dence that TRL clearance mediated by ApoE and ApoAV binding
to HSPGs is atheroprotective. Intriguingly, Apoe~/~Ndst1/fAlbCre*
mice had elevated plasma triglycerides, but plasma cholesterol
was not affected, which suggests that the impaired clearance of
TRLs drives the more extensive development of atherosclerosis
in this model. This conclusion is in agreement with prior stud-
ies showing that transgenic overexpression of human ApoAV,
Volume 123 Number 6

June 2013 2749



research article

which reduces plasma triglycerides, provides atheroprotection
in mouse models of dyslipidemias (65, 66).

Type I hyperlipidemia is characterized by the accumulation of
plasma triglycerides and cholesterol, related in part to homozy-
gous expression of ApoE2 (49). For reasons not fully understood,
only approximately 10% of individuals with ApoE2 homozygos-
ity develop hyperlipidemia and cardiovascular disease, while the
majority of the individuals are normo- and even hypocholesterol-
emic, with no increase in cardiovascular risk. The development of
overt hyperlipidemia might therefore require a secondary genetic
or environmental factor in addition to ApoE2 expression. Genetic
variation in ApoAV is obviously one factor that could determine
whether ApoE2 homozygous individuals develop dysbetalipopro-
teinemia. Another factor that should be considered is the composi-
tion of heparan sulfate, which varies among different individuals
(67). Thus, further analysis of hepatic heparan sulfate and allelic
variants of genes involved in heparan sulfate metabolism and
SDC1 expression are warranted in order to determine whether
HSPG alterations contribute to hypertriglyceridemia and athero-
sclerosis in humans.

In conclusion, our results provide insights into the mechanism
of HSPG-mediated clearance of TRLs as well as the first genetic
evidence of atheroprotection by hepatic HSPGs. We identified
ApoE and ApoAV as the dominant ligands on TRLs that bind to
hepatocyte HSPGs and demonstrated that disruption of this mul-
tivalent interaction resulted in increased atherosclerosis in mice.

Methods
Further information can be found in Supplemental Methods.

Mice and animal busbandry. Ndst17fAlbCre* mice were described previously
(12). Apoe”~ mice were from Jackson Laboratory (43), and Apob!%%/1% and
Apob*¥/#8 mice were provided by S. Young (UCLA, Los Angeles, California,
USA, ref. 68). Ldlr/-Lrp17fAlbCre* mice were generated by crossbreeding
Lrp1//, Ldlr~~, and AlbCre” mice purchased from Jackson Laboratory. Mice
were weaned at 3 weeks, maintained on a 12-hour light/12-hour dark cycle,
and fed water and standard rodent chow (Harlan Tekland) ad libitum.
Genotyping was performed as described previously (12, 43, 68, 69).

Cell culture. The human hepatocarcinoma cell line Hep3B was obtained
from ATCC (HB-8064) and cultured in MEM (Invitrogen) supplemented
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with 10% fetal bovine serum (Gemini Bio-Products), nonessential amino
acids, sodium pyruvate, penicillin, and streptomycin.

TRL isolation. Murine TRLs were isolated from blood samples drawn by car-
diac puncture into BD Microtainer tubes with EDTA. Samples (200 ul/tube)
were centrifuged for 4 hours at 175,000 g in a Beckman 42.2Ti rotor. The
top fraction (50 ul; d < 1.006 g/ml) was collected and used for subsequent
studies. Human TRLs (8 < 1.006 g/ml) were isolated from plasma by cen-
trifugation for 16 hours at 135,000 gin a Beckman 50.3Ti rotor. Donors were
healthy, normally fed volunteers (3-4 hours after meal). Isolated TRLs were
quantified by BCA protein assay (Pierce). Plasma lipids and lipoproteins were
analyzed as previously described (see Supplemental Methods and ref. 13).

Statistics. Statistical analyses were performed using Prism software (ver-
sion 5; GraphPad Software). Data were analyzed by 2-tailed Student’s ¢ test
or 1-way ANOVA and presented as mean + SEM. P values less than 0.05
were considered significant.

Study approval. All animals were housed in Association for Assess-
ment and Accreditation of Laboratory Animal Care-approved vivaria
in the School of Medicine, UCSD, following standards and procedures
approved by the local Institutional Animal Care and Use Committee (La
Jolla, California, USA). Human TRL donors (healthy, normally fed vol-
unteers) provided informed consent according to a protocol approved by
the University of California San Diego Human Subjects Program.
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