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Inhibition of Hepatic Chylomicron Remnant Uptake 
by Gene Transfer of a Receptor Antagonist 

Thomas E. Willnow, Zeqi Sheng, Shun Ishibashi, Joachim Herz* 
The low density lipoprotein receptor-related protein (LRP) has been proposed to mediate 
in concert with the LDL receptor (LDLR) the uptake of dietary lipoproteins into the hepa- 
tocytes. This hypothesis was tested by transient inactivation of LRP in vivo. Receptor- 
associated protein (RAP), a dominant negative regulator of LRP function, was transferred 
by an adenoviral vector to the livers of mice lacking LDLR (LDLR-I-). The inactivation of 
LRP by RAP was associated with a marked accumulation of chylomicron remnants in 
LDLR-/-  mice and to a lesser degree in normal mice, suggesting that both LDLR and LRP 
are involved in remnant clearance. 

Apolipoprotein E (apoE) and apoB48 (a 
truncated form of apoB100) are constitu- 
ents of chylomicron remnants, the carriers 
of dietary cholesterol. Whereas apoB48 is 
primarily. a structural component of these 
lipoproteins, apoE is required for their re- 
ceptor-mediated endocytosis in the liver (1, 
2). Two hepatic receptors are known to 
bind apoE-containing lipoproteins: LDLR 
and LRP. Experiments performed in vitro 
and in intact animals demonstrate that 
LDLR binds to and takes up chylomicron 
remnants (3, 4). However, humans, rab- 
bits, and mice lacking functional LDLR do 
not accumulate chylomicron remnants in 
their circulation (5, 6). It was therefore 
suggested that LRP also is involved in 
chylomicron remnant clearance and that it 
substitutes for LDLR when the latter is 
deficient (7, 8). This proposed function of 
LRP has been impossible to prove in a 
physiological experiment because embryos 
lacking LRP fail to develop in utero (9). 
Embryonic lethality probably occurs be- 
cause LRP is a multifunctional receptor that 
not only participates in lipid metabolism 
but also is involved in the uptake of extra- 
cellular proteases, the protease inhibitor 
a,-macroglobulin, and other macromole- 
cules (1 0, 1 1). This precludes the analysis 
of remnant metabolism in animals that are 
genetically deficient in LRP. 

One way to circumvent this problem is 
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to administer a specific inhibitor of LRP. A 
candidate inhibitor is a receptor-associated 
protein (RAP) of approximately 39 kD that 
copurifies with LRP (1 0). When added to 
cultured cells or to purified receptor, RAP 
binds to LRP at multiple sites and blocks 
ligand-receptor interaction (1 2-1 5). In the 
current study we used an adenovirus vector 
to carry a RAP complementary DNA 
(cDNA) into the liver of adult mice in 
order to test the hypothesis that RAP over- 
production would inactivate LRP and cause 
chylomicron remnants to accumulate in the 
circulation. Recombinant adenoviruses 
have proven to be efficient gene transfer 
vectors that preferentially target hepato- 
cytes when injected intravenously into an- 
imals (6, 16, 17). As recipient animals we 
have used wild-type (+I+) mice and mice 
that lack LDL receptors (LDLR-I-) as a 
result of targeted gene disruption. The lat- 
ter mice have elevated levels of LDL but no 
gross accumulation of chylomicron rem- 
nants when fed a normal Chow diet (6). 

Recombinant adenoviruses containing 
either the RAP cDNA (AdCMV-RAP) or 
the Escherichia coli P-galactosidase gene 
(AdCMV-P-Gal) (1 8) were intravenously 
injected into wild-type or LDLR-I- mice 
(19). Five days after the injection of the 
virus, we assessed LRP activity by monitor- 
ing the ability of the mice to clear an 
LRP-specific ligand, 1251-labeled a,-macro- 
globulin (1251-a2M), from their circulation. 
Other animals were injected with 1251-la- 
beled asialofetuin (1251-ASF), which enters 
the cell through the asialoglycoprotein re- 
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ceptor (20). This receptor, also expressed 
on hepatocytes, is unrelated to LRP. 

AdCMV-RAP-injected mice, but not 
uninjected or AdCMV-P-Gal-injected ani- 
mals, were unable to clear '251-a2M from 
their circulation (Fig. 1). Animals injected 
with either virus cleared 1251-ASF almost as 

: efficiently as uninjected controls. The results 
obtained with both ligands were similar in 
wild-type and LDLR-/- animals. However, 
there was a marked difference in the appear- 
ance of the plasma between the two strains 
of mice. Plasma from LDLR-I- mice that 
had received the RAP virus was distinctly 
turbid, indicating the presence of light dis- 
persing lipoprotein particles. Plasma from 
wild-type mice that had received the same 

virus showed a slight turbidity only on occa- 
sion. In no case (n = 46) did we observe 
such changes in plasma appearance in ani- 
mals of either genotype that were not inject- 
ed or were injected with control virus. Con- 
sistent with this observation, LDLR-/- mice 
that had received AdCMV-RAP also had, 
on average, more than three times the total 
plasma cholesterol that was observed in an- 
imals of the same genotype that had received 
the control virus or were uninjected (Table 
1). Wild-type animals showed only a mild 
elevation in plasma cholesterol. The in- 
crease in plasma triglyceride concentration 
in AdCMV-RAP-injected mice was quanti- 
tatively similar to the increase in plasma 
cholesterol in the same animals. This sug- 

Fig. 1. Plasma clearance of 1251- 1251~-rnacroglobulin 1251-asialofetuin 
labeled ligands in virus-injected , 
mice. Either 4 x loq1 particles of $ 
AdCMV-p-Gal (circles) or 2 x lo1 l 100 
particles of AdCMV-RAP (squares) .g 80 
were injected into the external jug- 60 
ular vein of wild-type (A and B) or :E 40 
LDLR-I- mice (C and D). Five days 

20 after virus administration the mice 2 
received an intravenous injection of O 

either 1251-labeled human a 2 M  or .& 100 
bovine asialofetuin (5 pg of tracer ' 80 
in 200 pI of tris-buffered saline con- 60 
taining 0.1% bovine serum albu- $ 40 
min). At the indicated time points, & 20 
blood samples (-80 P I )  were col- - 
lected by retro-orbital puncture and 0 

0 10 20 0 10 20 
the amount of tricholoroacetic ac- Time (rnin) 
id-precipitable radioactivity in 
plasma was determined as described (17). Mice that had not been injected with virus served as 
controls (triangles). Values are expressed as the percent of radioactivity present in plasma at 1 min 
after injection of the label. Variances shown represent the range of absolute values measured 
(between two and eight mice per group) in 18 different experiments. Where no range bar is shown, 
the difference between individual data points is smaller than or equal to the size of the respective 
symbol. In all mice injected with AdCMV-RAP, plasma concentrations of RAP were 240 ~g/ml 
(determined as described in Fig. 2). 

Fig. 2. Hyperlipidemia correlates with reduced a2M 
clharance in RAP-overexpressing LDLR-I- but not wild- 
type mice. Wild-type (open squares) or LDLR-1- mice 
(closed squares) were injected with 2 x 10' particles of 
AdCMV-RAP. Five days after virus administration the 
animals were injected with 5 pg of 1251-qM, and plasma 
radioactivity at 1 and 20 min after injection of the label 
was determined as described in Fig. 1 except that at 20 0.0 0.02 0.04 0.2 0.4 
min blood (-1 ml) was collected from the vena cava. 
Concentrations of 1251-~M remaining in plasma 20 min 
after injection of the label are plotted as the percent of the 
amount present at 1 min. Total plasma cholesterol con- 

- 
centrations were determined enzymatically (6). For mea- 
surement of RAP concentrations, serial dilutions of plas- 5 E 40 ma samples were separated by SDS-gel electrophore- $! 
sis on 4 to 15% polyacrylamibe gelsunder reducing 5 20 $0 'o.ba'o.& '" 012 ' 0:4 
conditions and transferred to nitrocellulose. The filters e: Concentration of RAP 
were probed with anti-RAP immunoglobulin G (IgG; 5 - 

(milligrams per milliliter of plasma) 
pglml), and bound IgG was detected with i251-labeled 
goat antibody to rabbit IgG. Radioactivity in the individual 
bands was quantified on a radio analytical imaging detector (AMBIS) and compared to standard 
amounts of purified RAP on the same blot. Total cholesterol concentrations (A) or the amount of lZ51-ol;?M 
remaining in the plasma 20 min after injection of the label (B) were plotted as a function of the RAP 
concentration present in the plasma of the individual animals. 

gests that the accumulating lipoproteins 
consisted of largely lipolysed remnant parti- 
cles rather than unprocessed chylomicrons, 
which contain predominantly triglycerides 
and are relatively poor in cholesterol (2 1). 

Total plasma cholesterol of LDLR-/- 
animals was roughly proportional to the 
amount of RAP present in plasma (Fig. 
2A). Cholesterol levels of wild-type mice 
that had received AdCMV-RAP were only 
slightly increased in proportion to the RAP 
concentration in plasma. The presence of 
LDLR therefore largely protects wild-type 
mice from RAP-induced hyperlipidemia. In 
contrast, the plasma clearance rate of 1251- 
a2M (Fig. 2B) was inversely proportional to 
the plasma RAP concentration in both 
wild-type and LDLR-I- animals. 

To determine which lipoprotein subfrac- 
tion was responsible for the increased cho- 
lesterol levels in AdCMV-RAP-injected 
LDLR-I- mice, we analyzed the plasma 
lipoprotein profiles by fast performance liq- 
uid chromatography (FPLC) (Fig. 3). The 
profile of AdCMV-p-Gal-injected mice 
was similar to that of uninjected animals of 
the same genotype. The plasma cholesterol 
of wild-type mice is contained mainly in the 
high density lipoprotein (HDL) fraction, 
whereas in LDLR-/- mice 50% or more of 
the total plasma cholesterol is in the inter- 
mediate density (1DL)-LDL size range [Fig. 
3 and (6 ) ] .  LDLR-I- mice injected with 
AdCMV-RAP and to a much lesser degree 
wild-type mice injected with the same virus 
accumulated large cholesterol-rich rem- 
nant-sized particles in their plasma with a 
concomitant reduction in HDL cholesterol. 

We next used semiquantitative protein 
immunoblot analysis to determine whether 
RAP expression causes a change in the 
apoprotein profile in the plasma of virus- 
injected mice (Fig. 4). Both wild-type and 
LDLR-/- mice that had received 
AdCMV-RAP accumulated apoB48 and 
apoE in their plasma as compared with 
uninjected or AdCMV-P-Gal-injected con- 
trol animals. In addition, a reduction in the 
plasma level of apoAI (the major HDL 
apoprotein) was also apparent in the animals 
that overexpressed RAP, whereas the con- 
centration of apoBlOO in plasma was not 
affected by either virus, regardless of the 
genotype of the animals. Thus, the overex- 
pression of RAP primarily affects the apoE- 
dependent clearance of remnants but not of 
LDL from the circulation. 

Here we have used the term "chylomicron 
remnant" to refer to lipoproteins that contain 
apoB48. In humans, all apoB48 is produced in 
the intestine and secreted in chylomicrons. In 
mice, however, apoB48 is also made by the 
liver (2 1) and secreted in very low density 
lipoproteins (VLDIs). The hepatic and intes- 
tinal apoB48-containing particles are physi- 
cally and functionally indistinguishable. 
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Therefore, the remnants that accumulate in 
the RAP-expressing animals must constitute a 
mixture of remnants derived from true intes- 
tinal chylomicrons and hepatic VLDLs. 

An important consideration for the inter- 
pretation of the experiments presented here is 
the well-established cellular toxicity associat- 
ed with adenovirus-infection of murine tissues 
(22). Histological analysis of the livers of 
virus-injected animals revealed an inflamma- 
tory response marked by lymphocytic infiltra- 
tions but no discernible histological difference 
between livers expressing P - ~ a l  or RAP (23). 
To control for nonspecific virus effects, we 
first examined the effect of virus infection on 
the function of another unrelated. well-stud- 
ied hepatocellular endocytic receptor, the 
asialoglycoprotein receptor. In contrast to 
LRP, infection of the mice with AdCMV- 
RAP did not substantially affect the activity 
of the asialoglywprotein receptor. Further- 
more, in no case did injection of the mice 
with AdCMV-P-Gal induce a change of 
the lipoprotein profile. Another irrelevant 
virus expressing the firefly luciferase gene 
(AdCMV-Luc) also had no effect (23), in 
agreement with previous studies (6). In all 
cases, remnant accumulation was solely de- 
pendent on RAP expression. The general 
health and the activitv of the animals did not 
appear to be affected by the virus infection. 

A current model for he~atic clearance of 
chylomicron remnants states that the rem- 
nants are first sequestered in the sinusoidal 
space (4), possibly by adsorption to proteo- 
glycans (24) and interaction with hepatic 
lipase (25) and LDLR (3). After local 
enrichment of the particle with apoE on the 
surface of the hepatocytes (26), the rem- 
nants are internalized by endocytosis, me- 
diated by LDLR and by a second receptor 
which we believe is LRP. In the current 
study, RAP overexpression caused an in- 
crease in the steady-state concentration of 
remnant particles in the circulation. If the 
proteoglycan-sequestration model is cor- 
rect, our results would suggest that a RAP- 
mediated block of remnant endocytosis 
eventually leads to a saturation of this 
intermediate compartment as the remnants 
accumulate in the ~lasma. 

The small amount of remnants that ac- 
cumulated in the normal mice injected with 
AdCMV-RAP is probably due to a partial 
inhibition of LDLR at high RAP expression 
levels in addition to the total block of the 
alternative remnant clearance pathway. 
RAP binds weakly to LDLR (27). 

The physiological role of RAP is not 
clear at present. Because RAP resides pre- 
dominantly in the endoplasmic reticulum 
(28), in contrast to LRP which is localized 
primarily in post-Golgi and recycling com- 
partments (8), it has been proposed to 
function as a fast-actine modulator of LRP " 
activity that can be mobilized from intra- 

cellular storage compartments in response to 
an unknown signal (13, 14, 29). In the 
present experiments, overexpression of RAP 
from a strong viral promoter resulted in the 
secretion of RAP into the plasma where it 
accumulated in concentrations sufficient to 
directly inhibit LRP (13) on the hepatic cell 
surfaces. Our study does not allow conclu- 
sions as to possible effects of RAP overex- 

Fig. 3. FPLC profile of No virus 

pression on the intracellular pathway of 
LRP, which could contribute to the ob- 
served functional block of this receptor. 

The reasons for the reduction of plasma 
HDL in RAP-expressing animals (in which 
chylomicron remnant clearance has been 
acutely impaired) are not entirely clear. 
However, cholesterol-fed (30) as well as 
apoE-deficient (2) mice (which show a 

mouse lipoproteins. Wild- - 20b A 
type (A to C) or LDLR-I- s +I+ 1 B +I+ 1 C +I+ 
4 c e  (D to F) were inject- 2 l5 

- 
ed with 4 x loq1 particles g 10 - HDL 

HDL - CR 
of AdCMV-p-Gal (8 and $ - 
E) or 2 x 1 011 particles of ; AdCMV-RAP (C and F) 2 90 
as described in Fig. 1. $ 60. 
Five days after virus ad- 
ministration blood was - 
drawn from the vena 
cava of the individual an- ,,, HDL 

imals, and 100 pI plasma lo- 

was analyzed by FPLC 6 5 
on a Superose 6 column 0 
(Sigma) as previously o 10 20 3 0 0  10 20 3 0 0  10 20 30 
described (6). The cho- 
lesterol content of each 

Fraction number 

fraction was measured spectrofluorimetrically (31). The lipoprotein profiles of noninjected control 
animals are depicted in (A) and (D). Representative profiles of individual animals of each group 
(between 3 and 10 animals per group) are shown. Fractions containing VLDL-chylomicron remnants 
(CR), LDL, and HDL are indicated. 

Table 1. Total plasma cholesterol and triglycerides in normal and LDLR-I- uninjected and 
virus-injected mice. Mice of the indicated genotype were either not injected or injected with 
AdCMV-p-Gal (-4 x loq1 viral particles) or AdCMV-RAP (-2 x 1011 viral particles). Total plasma 
cholesterol and triglyceride concentrations (mean -c SEM) were determined enzymatically 5 days 
after virus injection (6). Total plasma cholesterol and triglyceride concentrations of uninjected and 
AdCMV-p-Gal-injected mice agree closely with those observed in previous studies (6, 17). The 
number of animals examined in each group is given in parentheses. Significant differences (injected 
versus noninjected mice of the same genotype) are indicated by the asterisks (*P s 0.05; **P s 
0.005). 

Virus Cholesterol Triglycerides Cholesterol Triglycerides 
(mgldl) (mgldl) (mgldl) (mgldl) 

None 92& 9 94 * 10 (8) 237 & 22 155 * 22 (7) 
p-Gal 90& 4 156 * 16** (7) 297 & 13* 234 -c 1 7" (1 3) 
RAP 150 17* 254 2 27** (1 5) 1057 & 61** 1203 * 168** (23) 

Fig. 4. lmmunoblot analysis of mouse apoproteins. LDLR+'+ LDLR"' 
Plasma from wild-type (lanes 1 to 5) and LDLR-I- mice I virus ~ m m l ~ ~ p l ~ ~ p b ~ a ~ w a ~ n ~ l ~ p l ~ ~ p b . ~ a b a  

(lanes 6 to 10) that were uninjected (lanes 1 and 6) or B-lOO, . . -  - 
injected with approximately 4 x 10" particles of Ad- 
CMV-p-Gal (lanes 4, 5, 9, and 10) or 2 x 1011 particles "a' -~ 

of AdCMV-RAP (lanes 2, 3, 7 and 8) was obtained 5 E - Pai 
days after virus administration. Samples (0.5 pl) were 
separated by SDS-gel electrophoresis on 4 to 15% A,- - - -. 
polyacrylamide gels under reducing conditions, and the 
proteins were transferred to nitrocellulose filters. Filters RAP- 
were incubated with polyclonal rabbit lgGs (5 pglml) 
directed against apo8 (8-100 and 8-48), apoE (E), 1 2 3 4 5 5 7 8 9 1 0  

apoAl (Al), or RAP. Bound IgG was detected with 1251-labeled goat antibody to rabbit IgG (1 x lo6 
cpmlml) as described (13). The blots were then exposed to Kodak XAR film. Exposure times for 
lanes 1 to 5 were 2 hours for 8-100 and 8-48, 4 hours for Al, and 16 hours for E and RAP; for lanes 
6 to 10, exposure times were 1 hour for 8-100 and 8-48, E, and RAP and 2 hours for Al. 
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chronic defect in remnant clearance) also 
have substantially lower HDL cholesterol 
concentrations than normal animals, sug- 
gesting a functional connection between 
HDL and remnant metabolism. 

In conclusion, the results presented in 
this study provide additional evidence for a 
physiological dual role of LRP in the me- 
tabolism of lipoproteins and proteases. Fur- 
thermore, our results have demonstrated 
the usefulness of adenovirus-mediated gene 
transfer to overexpress a dominant negative 
regulator and to study the physiological 
consequences of the transient inactivation 
of the target protein in an intact animal. 
Such an approach may be generally appli- 
cable for the in vivo inactivation and study 
of other developmentally essential genes 
(such as growth factors, signaling receptors, 
or transcription factors) for which domi- 
nant negative mutants or antagonists exist. 
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De Novo and lnherited Deletions of the 5q 13 
Region in Spinal Muscular Atrophies 
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Bernard Benichou, Massimo Zeviani, Denis Le Paslier, 

Daniel Cohen, Jean Weissenbach, Arnold Munnich* 
Spinal muscular atrophies (SMAs) represent the second most common fatal autosomal re- 
cessive disorder after cystic fibrosis. Childhood spinal muscular atrophies are divided into 
severe (type I) and mild forms (types I I  and Ill). By a combination of genetic and physical 
mapping, a yeast artificial chromosome contig of the 5q13 region spanning the disease locus 
was constructed that showed the presence of low copy repeats in this region. Allele segregation 
was analyzed at the closest genetic loci detected by markers C212 and C272 in 201 SMA 
families. lnherited and de novo deletions were observed in nine unrelated SMA patients. 
Moreover, deletions were strongly suggested in at least 18 percent of SMA type I patients by 
the observation of marked heterozygosity deficiency for the loci studied. These results indicate 
that deletion events are statistically associated with the severe form of spinal muscular atrophy. 

Proximal spinal muscular atrophies (inci- 
dence: 1 out of 6000 newborns) (1-4) are 
characterized by degeneration of anterior 
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horn cells of the spinal cord, leading to 
progressive symmetrical limb and trunk pa- 
ralysis associated with muscular atrophy. 
The childhood spinal muscular atrophies 
are divided into types I (Werdnig-Hoff- 
mann disease), 11, and I11 (Kugelberg-We- 
lander disease) on the basis of age of onset, 
milestones of development, and life span 
(5). By means of linkage analysis, we and 
others have shown that all three forms of 
spinal muscular atrophy map to chromo- 
some 5q11.2-q13.3 (6-9). 
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