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Abstract Transgenic mouse lines were produced that ex- 
pressed low levels of a receptor-binding-defective variant of 
human apolipoprotein (apo) E, apoE(Argll2, Cys142). In trans- 
genic mice, the human apoE was produced only by the kidney, 
whereas endogenous mouse apoE was produced mainly by the 
liver. The plasma concentration of the transgenic protein was 
about half that of endogenous apoE. The expression of trans- 
genic apoE did not affect total plasma cholesterol and triglycer- 
ide levels, but the distribution of the human variant differed 
from that of endogenous apoE in the intermediate size and den- 
sity range, where the transgenic protein accumulated selectively. 
Immunoblots of agarose gels of lipoprotein fractions showed that 
the transgenic protein occurred primarily on large a-migrating 
particles (HDLI). This phenomenon was not observed in trans- 
genic mice expressing normal human apoE-3, which distributed 
like endogenous apoE, suggesting that the defective apoE vari- 
ant perturbed HDLI metabolism. In mice fed a high-fat, high- 
cholesterol diet, the transgenic apoE associated primarily with 
the apoB-containing lipoproteins. A significantly higher in- 
crease in very low density lipoprotein cholesterol was observed 
in fat-fed transgenics compared to fat-fed nontransgenic mice, 
suggesting a metabolic perturbation of apoB-containing lipo- 
proteins. I Thus, the receptor-binding-defective variant, 
apoE(Argll2, Cys142), expressed at low levels by the kidney, 
alters lipoprotein metabolism in transgenic mice, presumably by 
interfering with apoE-mediated removal of the lipoproteins from 
circulation.- Fazio, S., Y. Horie, W. S. Simonet, K. H.  Weis- 
graber, J. M. Taylor, and S. C. Rall, Jr. Altered lipoprotein 
metabolism in transgenic mice expressing low levels of a human 
receptor-binding-defective apolipoprotein E variant. J Lipid 
Res. 1994. 35: 408-416. 
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Apolipoprotein (apo) E is a constituent of several 
classes of lipoproteins, including liver-derived very low 
density lipoproteins (VLDL) and their remnants, intestine- 
derived chylomicron remnants, and certain subclasses of 
high density lipoproteins (HDL) (1). T h e  major role of 
apoE in plasma of humans  and other animal  species is to  

mediate uptake of lipoproteins by specific lipoprotein re- 
ceptors on cell surfaces (2). ApoE is a ligand for both the 
low density lipoprotein (LDL) receptor (3) and the LDL 
receptor-related protein (LRP) (4). 

The critical role of apoE in catabolism of lipoproteins 
has  been demonstrated in a variety of ways. Accelerated 
catabolism of apoB-containing remnants  occurs when 
animals (normolipidemic o r  hypercholesterolemic) are  in- 
jected o r  infused with apoE (5, 6). These types of studies 
suggest that apoE availability is a rate-limiting step in 
efficient lipoprotein remnant  removal from plasma. I m -  
paired catabolism of remnants  occurs in humans  with the 
lipid disorder type 111 hyperlipoproteinemia (HLP) ,  
which can arise either because of the expression of any of 
about  a dozen receptor-binding-defective apoE mutants  
or because of apoE deficiency (7,  8). 

ApoE also appears to be important in HDL metabo- 
lism, where it plays a role in the process of reverse 
cholesterol transport (9). I n  this process, excess peripheral 
cell cholesterol becomes associated with HDL, and  
through the action of 1ecithin:cholesterol acyltransferase 
(LCAT), the resulting cholesteryl esters become part  of 
the neutral lipid core of HDL. ApoE appears to  facilitate 
the expansion of this lipid core (10, ll), creating apoE- 
enriched particles of larger size and lower density that a re  
termed HDLl (especially in humans  and  rodents) or 
HDL, (cholesterol-induced HDL in fat-fed animals) (12). 
ApoE can mediate the catabolism of these cholesteryl 
ester-enriched HDL species by the liver (13, 14), complet- 

Abbreviations: apo, apolipoprotein; CETP, cholesteryl ester transfer 
protein; HDL, high density lipoprotein(s); HLP, hyperlipoproteinemia; 
LCAT, 1ecithin:cholesterol acyltransferase; LDL, low density lipopro- 
tein(s); LRP, LDL receptor-related protein; VLDL, very low density 
lipoprotein(s). 
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ing the reverse cholesterol transport process. Presumably, 
impaired catabolism of these HDLl particles could occur 
in the presence of a dysfunctional apoE. 

The availability of small animal models affords an op- 
portunity to investigate the above processes in more de- 
tail. Mice are an attractive model for the study of HDL 
metabolism because, unlike humans and some other ani- 
mal models, they carry a large portion of their cholesterol 
in HDL rather than in the apoB-containing lipoproteins 
(15). This is due in large part to the absence of cholesteryl 
ester transfer protein (CETP) activity in their plasma 
(16). In CETP-deficient animals, apoE-mediated catabo- 
lism of HDLl can be a major route for cholesterol 
metabolism (17, 18). 

Because LDL is not a major lipoprotein in mice, the 
most important ligand for cholesterol metabolism in this 
species is apoE, rather than apoB (19). The extremely 
efficient action of apoE in mice has been shown in several 
ways and is probably at least partly responsible for the 
resistance to atherosclerosis of most mouse strains (19). 
Overexpression of either rat apoE (20, 21) or normal hu- 
man apoE3 (22) in transgenic mice leads to lower levels 
of VLDL, more efficient clearance of apoB-containing 
lipoproteins, and appearance of larger, less dense HDLl 
species compared to normal mice. Conversely, recently 
created null apoE mice (23, 24) and transgenic mice over- 
expressing dysfunctional apoE (25) have severe hyper- 
lipidemia on normal diets due to accumulation of apoB- 
containing lipoproteins in the plasma. 

We have created transgenic mice that express a receptor- 
binding-defective human apoE variant, apoE(Argll2, 
Cys142). This variant apoE has been described in a single 
family in which all seven subjects in four generations who 
are heterozygous for this apoE variant have type I11 HLP 
(26-28). When expressed in transgenic mice at high 
levels, this dysfunctional apoE variant yields a phenotype 
very similar to human type I11 HLP (25). However, as 
demonstrated in this report, even expression of only 
modest levels of this receptor-binding-defective apoE vari- 
ant in transgenic mice was sufficient to perturb lipopro- 
tein metabolism, presumably by interference with apoE- 
mediated removal of lipoproteins from circulation. 

MATERIALS AND METHODS 

Materials 

The ICR mice were purchased from Jackson Laborato- 
ries, Bar Harbor, ME. Plasmid pBSSK was purchased 
from Pharmacia, Uppsala, Sweden. Nitrocellulose paper 
was purchased from Schleicher & Schuell, Keene, NH. 
The Superose 6 column, purchased from Pharmacia, was 
used on a Gilson Fast Protein Liquid Chromatography 
system. The Centricon concentration filters were from 
Amicon (Lexington, MA). Cholesterol and triglyceride 

standards were from Abbott (North Chicago, IL) and 
Boehringer (Indianapolis, IN), respectively; the auto- 
mated system for lipid analysis (Kinetic Microplate 
Reader) was from Molecular Devices, Menlo Park, CA. 
All the reagents for lipoprotein agarose gels were from 
Ciba Corning, Palo Alto, CA. The ECL chemilumines- 
cence detection kit for Western blots was purchased from 
Boehringer. Metofane (methoxyflurane) was purchased 
from Pitman-Moore (Mundelein, IL). 

Preparation of constructs for microinjection 

The human apoE-3 construct was the previously de- 
scribed HEGl (29), containing the entire gene for apoE-3, 
5 kb of 5' flanking region and 1.5 kb of 3' flanking region. 
This construct is expressed primarily in the kidney of 
transgenic mice (29, 30). The apoE(Arg112, Cys142) con- 
struct was prepared from HEGl as follows. The 1.9-kb 
EcoRI fragment containing the entire fourth exon was ex- 
cised from HEGl and subcloned into pBSSK. The sub- 
clone was digested with Sty1 and Nu71 to excise the DNA 
fragment spanning codons 94-169. As the mutations are 
contained inside the StyIINurI fragment (Arg for Cys at 
codon 112 and Cys for Arg at codon 142), a previously 
prepared prokaryotic expression vector was used to obtain 
the same StyIINurI fragment with the mutations (28). The 
mutant StyIINurI fragment was religated into the EcoRI 
fragment, which was then religated into the HEGl vector. 
Positive transformants were identified by restriction 
analysis of plasmid DNA, by polymerase chain reaction 
of the mutated region followed by digestion with HhuI 
(31), and confirmed by sequencing of the mutated region 
and ligation boundaries. Upon transfection into COS 
cells, the constructs produced a protein of the expected 
size that reacted with human-specific anti-apoE anti- 
bodies. We also used a liver-specific construct (obtained 
from Dr. E. M. Rubin, Berkeley, CA), which contained 
5 kb of the human apoA-I promoter to drive the expres- 
sion of the human apoE gene. Into this construct, we in- 
serted the appropriate mutations for apoE(Argll2, Cys142) 
(25). 

Preparation and analysis of transgenic mice 

Transgenic mice were prepared as described (29) using 
the microinjection method (32). Resultant offspring were 
weaned at 3-4 weeks of age, and DNA was prepared from 
tails as described (32). After digestion with EcoRI and 
electrophoresis on a 1% agarose gel, the Southern blot 
was performed as described (33). The founder animals 
identified were used to generate transgenic F1 mice. The 
transgene was transmitted to the offspring with the ex- 
pected Mendelian pattern of inheritance. All the analyses 
presented in this study relate to the kidney-expressing 
mice, although similar analyses (except diet studies) have 
been performed on the liver-expressing line, which 
yielded comparable results. 
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Animal maintenance and diets 

Mice of the outbred strain ICR were kept on a light 
cycle from 7:OO AM to 7:OO PM. Water and Purina mouse 
chow were given ad libitum. In the diet experiment, mice 
were kept for 5 weeks on a Purina-based diet containing 
15% coconut oil, 1.25% cholesterol, and 0.5% cholic acid 
(Teklad, Madison, WI). Blood for determination of cho- 
lesterol and triglycerides was taken by tail-bleeding. Blood 
for separation of lipoproteins by Superose 6 chromatogra- 
phy was taken by cardiac puncture with the mouse in 
deep anesthesia, which was induced by exposure to meto- 
fane (methoxyflurane), according to the guidelines of the 
University of California Animal Care and Use Committee. 

Preparation and analysis of total RNA 

Total cellular RNA was isolated as described (34). Anti- 
sense RNA probe for human apoE mRNA was transcribed 
using bacteriophage T3 RNA polymerase in the presence 
of [32P]UTP (35) from a cDNA fragment that had been 
cloned in Bluescript vector (Stratagene). The human 
apoE mRNA protected 192 bases of the labeled probe. 
Protected fragments were analyzed in 6% polyacrylamide 
gels containing 7 M urea, followed by radiography of the 
dried gel. 

Sequential ultracentrifugation of mouse plasma 

Plasma was prepared from blood by centrifugation at 
14,000 rpm (microfuge) for 20 min at 4OC. Plasma was 
ultracentrifuged sequentially using a Beckman tabletop 
centrifuge at 100,000 rpm for 2.5 h at 4°C with the follow- 
ing density ranges: dC1.006, d = 1.006-1.02, d = 1.02- 

1.10-1.21, and d > 1.21 g/ml. An aliquot of each fraction 
was then directly applied to an agarose gel for lipid stain- 
ing or Western blotting. 

Column chromatography and lipid analyses 
Aliquots (200 pl) of plasma were chromatographed on 

a Superose 6 column using a procedure similar to that 
originally described by Kieft, Bocan, and Krause (36). 
Fractions were analyzed for cholesterol and triglyceride 
content (37) and apoE distribution. In some cases, frac- 
tions were pooled in four groups representing the major 
lipoprotein classes (fractions 16-19, VLDL; fractions 
20-23, IDL/LDL; fractions 24-28, LDLIHDL,; and frac- 
tions 29-35, HDL) (28, 37), and applied to an agarose gel 
for lipid staining or Western blotting. The large HDL 
identified by chromatography correspond to the lighter 
HDL floating in the 1.02-1.08 g/ml density range and are 
termed HDL1. 

Lipoprotein agarose gels and Western blots 
The pooled chromatographic fractions were reduced in 

volume from 2 ml to 200 pl using Centricon filters. Ali- 
quots (5 pl) were loaded onto a precast agarose gel (1% 

1.04, d = 1.04-1.06, d = 1.06-1.08, d = 1.08-1.10, d = 

agarose, 1.3% barbital buffer) according to the manufac- 
turer's instructions (Ciba Corning, Lipoprotein System), 
as described by Chappell (38). After electrophoresis for 
35 min, the gel was either dried for lipid staining with Fat 
Red 7B or blotted onto nitrocellulose and incubated with 
the specified antibody. The human-specific antisera 
against apoE showed very little cross-reactivity with 
mouse apoE. In a slot blot assay using different dilutions 
of purified mouse or human apoE, this antisera reacted 
with a 20-fold lower affinity with mouse apoE than with 
human apoE. For determination of mouse apoE, we used 
a rat-specific anti-apoE antisera that recognized mouse 
apoE but did not cross-react with human apoE. In the 
Western blot assays, a semi-quantitation of apoE levels 
was achieved by comparing the densitometry readings of 
the sample bands with those of different concentrations of 
purified mouse and human apoE. In some cases, agarose 
gels also were blotted with apoB-specific or apoA-1- 
specific antisera to differentiate apoB-containing lipopro- 
teins from HDL species. 

In vitro lipoprotein association of 125I-labeled 
apoE(Argil2, Cysi42) 

A plasmid vector containing the cDNA for apoE(Argll2, 
Cys142) was expressed in E. coli and the apoE was purified 
as described (28). A 50-pg sample of the purified protein 
was iodinated using the Bolton-Hunter procedure accord- 
ing to a previously described protocol (39). A 200-ng 
sample of 1251-labeled apoE (specific activity of about 
400 cpm/ng) was incubated for 2 h at 37OC in 200 pl fresh 
plasma from either nontransgenic mice or apoE(Argll2, 
Cys142) transgenic mice. Plasma was then separated on a 
Superose 6 column, concentrated as described above, and 
electrophoresed on agarose geIs. The gels were stained 
with Fat Red 7B and exposed directly to autoradiographic 
film. 

RESULTS 

Four founder mice expressing apoE(Argll2, Cys142) 
were identified. Lines were developed from the two 
founders expressing the highest amount of protein in 
plasma, as determined by Western blot analysis. Southern 
blot analysis indicated that both lines incorporated about 
10 copies of the transgene (data not shown). A ribo- 
nuclease protection assay of various mouse tissues demon- 
strated that the expression of the transgenic protein oc- 
curred exclusively in the kidney, while the endogenous 
mouse apoE was produced primarily in the liver (data not 
shown), consistent with previous observations of trans- 
genic mice produced with this construct (29, 30). Despite 
the ectopic site of synthesis and secretion, transgenic hu- 
man apoE associated with lipoproteins and was present in 
plasma at a concentration about half that of endogenous 
mouse apoE (data not shown). 
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Total plasma lipids were not significantly affected by 
the expression of the transgenic protein in plasma. Total 
plasma cholesterol and triglycerides were 106 k 18 mg/dl 
and 83 k 50 mg/dl, respectively, in nontransgenic mice 
and 100 k 25 mg/dl and 67 38 mg/dl, respectively, in 
transgenic mice. However, the expression of the human 
apoE variant altered the distribution of lipoprotein cho- 
lesterol (Fig. 1). Compared to nontransgenic littermates, 
transgenic mice reproducibly had somewhat higher (about 
8 mg/dl) cholesterol values in the intermediate region of 
the chromatographic profile (fractions 24-28) that bordered 
on statistical significance (Student’s t test, P = 0.05, n = 4). 
The distribution of human apoE among the chromato- 
graphic fractions as analyzed by Western blotting (Fig. 2) 
also suggested differences in the intermediate-size lipo- 
protein fraction. In both transgenic lines, the apoE(Argll2, 
Cys142) variant accumulated in the intermediate region, 
which contains both LDL and HDLl. By contrast, in 
transgenic lines expressing normal human apoE3, the dis- 
tribution (Fig. 2) was similar to that of endogenous mouse 
apoE (not shown), with most of the apoE3 in VLDL and 
the major HDL peak. It has been reported previously that 
human apoE3 and mouse apoE distribute nearly identi- 
cally among plasma lipoproteins of transgenic mice (40). 
The distribution of apoE(Argll2, Cys142) among plasma 
lipoproteins of mice expressing low levels of the transgenic 
protein from the liver was indistinguishable from that ob- 
served in kidney-expressers (data not shown), indicating 

I-O transgenic, TC=110 mgldl 

- LDUHDLl 
VLDL HDL 

Fig. 1. Superose 6 chromatography of transgenic apoE(Argll2, Cys142) 
and nontransgenic mouse plasma. Plasma was isolated as described in 
Materials and Methods. A 200-4 aliquot was injected into a Superose 6 
column, and 55 fractions of 0.5 ml each were collected. Cholesterol mass 
was determined on a portion of each fraction using an automated enzymatic 
method. The major lipoprotein classes are indicated. HDL, refers to apoE- 
enriched HDL of lower density and larger size than the major HDL; 0-0, 
nontransgenic plasma; 0-0, transgenic plasma; TC, total plasma 
cholesterol. 

Fazio et al. 

Human ApoE3 Transgenic 

1719212325272931 

ApoE (Cys142) Transgenic 

- m o m  
.L 

17 19 21 23 25 27 29 31 

- LDUHDLI - 
VLDL HDL 

Fig. 2. Transgenic apoE distribution among mouse lipoproteins. Chro- 
matography fractions were collected as described in the legend to Fig. 1. 
A 100-pl aliquot from each odd-numbered fraction from 17 to 35 was 
precipitated with Cab-0-Sil, separated, on a 12% SDS-polyacrylamide 
gel, blotted onto nitrocellulose, and prdbed with a human-specific anti- 
apoE antiserum. Upper panel: normal human apoE-3 transgenic. Lower 
panel: apoE(Cysl42) transgenic. The corresponding lipoprotein classes 
are indicated at the bottom of the figure. 

that the site of synthesis of apoE does not influence this 
phenomenon. 

Because the intermediate size (and density) region of 
the Superose 6 profile (Fig. 1) contains both apoB- 
containing LDL and a-migrating HDLl (40), pooled 
fractions were concentrated, electrophoresed on agarose 
gels, and immunoblotted to determine which lipopro- 
tein(s) carried the apoE. As shown in Fig. 3, panel A, 
endogenous mouse apoE distributed to all lipoprotein 
fractions, including VLDL and its remnants and the 
main HDL fraction, in agreement with previous results 
(40). In contrast, in the same animal, the human apoE 
variant (Fig. 3, panel B) was associated almost exclusively 
with HDL1. Less of the human apoE variant was detected 
in the major HDL peak and none in the VLDL fraction, 
confirming the results in Fig. 2. A similar predominance 
of human apoE variant in HDLl fractions was obtained 
when the plasma lipoproteins were separated by sequen- 
tial density gradient ultracentrifugation (data not shown). 

The accumulation of the human apoE variant on 
HDLl could be due either to preferential physical associa- 
tion or to a retarded clearance of HDLl enriched in the 
receptor-binding-defective apoE. To differentiate between 
these two possibilities, we incubated lz5I-1abeled purified 
apoE(Argll2, Cys142) produced by recombinant DNA 
techniques (26) with plasma of an apoE(Argll2, Cys142) 
transgenic mouse. Apolipoprotein E has a great affinity 
for plasma lipoproteins and has been shown to distribute 
in vitro completely to lipoproteins in 2 h (41). The exoge- 
nously added apoE(Argll2, Cys142) distributed mostly to 
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Fig. 3. In vivo association of endogenous mouse apoE (panel A) and transgenic apoE (panel B) and in vitro association of 1251-labeled apoE(Arg112, Cys142) 
(panel C)  with transgenic mouse lipoproteins. For lipoprotein localization of endogenous mouse apoE and transgenic apoE in an apoE(Argll2, Cys142) 
mouse, lipoproteins were separated on a Superose 6 column as in Fig. 1. Fractions encompassing the major lipoprotein peaks (as determined by the 
distribution of cholesterol and triglycerides) were pooled and concentrated to 200 jd. A 5-pI aliquot of each fraction was then loaded on a precast 
agarose gel and electrophoresed for 35 min. The lipoproteins were then blotted onto nitrocellulose and probed with either a rat-specific anti-apoE 
antiserum, which recognizes mouse apoE but not human apoE (panel A), or a human-specific anti-serum (panel B). The immunoreactive material 
visible near the origin in panels A and B is probably due to degradation or dissociation of apoE-containing material from the lipoprotein particle. 
For in vitro association of 125I-labeled apoE(Arg112, Cys142) with lipoproteins of an apoE(Argll2, Cys142) transgenic mouse, apoE(Arg.112, Cys142) 
produced by recombinant DNA techniques was iodinated as described in Methods, and 200 ng was added to 200 #I of fresh plasma from an 
apoE(Argll2, Cys142) transgenic mouse. After a 2 h incubation at 37OC, plasma was chromatographed on a Superose column, and fractions were 

graphic film to detect the iodinated protein; 1, fractions 16-19 (VLDL); 2, fractions 20-23; 3, fractions 24-28; 4, fractions 29-35 (HDL). The origin 
and the migration distances of a-, pre-8-, and 8-lipoproteins are indicated. 

pooled, concentrated, and electrophoresed on agarose gels as described above. The agarose gel was stained with Fat Red f B and exposed to autoradio- 

the major HDL peak (Fig. 3, panel C), in contrast to the 
endogenously produced apoE(Argll2, Cys142), which ac- 
cumulated primarily on HDLl (Fig. 3, panel B) in the 
same plasma. Therefore, the association of the endoge- 
nously synthesized apoE variant with the HDLl of trans- 
genic mice is a metabolic phenomenon. 

The phenomenon of HDLl accumulation could also be 
demonstrated in transgenic hybrids produced by crossing 
F1 ICR transgenic mice with C57BL/6 mice. Compared 
to nontransgenic littermates, offspring from this cross 
carrying the human apoE(Argll2, Cys142) variant 
showed a readily detectable increase in HDLl (Fig. 4). In 
this case, the accumulation of the HDLl was visible by 
lipid staining because C57BL/6 mice have a lower basal 
level of HDLl than do ICR mice (H. de Silva, J. MAS- 
Oliva, R. Pitas, J. Taylor, R. Mahley, unpublished 
results). 

As the human apoE variant did not associate to a 
significant extent with mouse apoB-containing lipopro- 
teins, it was unclear whether the low level of expression of 
this apoE variant could perturb the metabolism of apoB- 
containing lipoproteins. Therefore, a circumstance was 
sought in which the transgenic protein could be made to 
associate with apoB-containing lipoproteins. As the apoB- 
containing lipoproteins will increase in mice upon fat- 
feeding, nontransgenic and apoE(Argll2, Cys142) trans- 
genic mice were fed a high-fat, high-cholesterol diet 
(Purina mouse chow with 15% coconut oil, 1.25% choles- 
terol, and 0.5% cholic acid) for 5 weeks. As shown in 
Fig. 5, this diet period was sufficient to cause a drastic 
change in lipoprotein cholesterol distribution, resulting in 

a reduction in HDL and a major increase in V.LDL, 
which now contained the majority of total plasma cho- 
lesterol. Similar qualitative changes after diet were ob- 
served in the nontransgenic littermates, in which most of 
the cholesterol was also in VLDL (data not shown). The 
high-fat diet also affected apoE distribution among lipo- 
proteins. As shown in Fig. 6, the human apoE variant as- 
sociated primarily with apoB-containing lipoproteins, but 
was virtually absent in the major HDL fraction and much 

HDLi 
r i  
LJ &if 

- - -  

--a 

-prep 
- B  

-origin 

I I I  I l l  
VLDL LDLI HDL VLDL LDLI HDL 

HDLl HDL1 

Fig. 4. Lipoprotein : of ICR x C57BL/6 hybrid mice. Plasma of first 
generation hybrids was chromatographed on a Superose 6 column, and the 
fractions corresponding to the major lipoproteins (VLDL, LDLIHDL,, 
HDL) were pooled and separated on an agarose gel. Lipoproteins were 
stained with Fat Red 7B. Left panel: nontransgenic ICR x C57BL/6. 
Right panel: transgenic ICR x C57BL/6 expressing apoE(Arg112, 
Cys142). The prominent HDL, band from the transgenic hybrid is boxed. 
The origin and the migration distances ofa- ,  pre-8-, and P-lipoproteins 
are indicated. 
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0-0 high-fat diet, TC = 215 mg/dl 
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Fig. 5. Superme 6 chromatography of plasma from apoE(Argll2, Cys142) 
transgenic mice on either normal chow or high-fat, high-cholesterol diet. 
Transgenic mice were maintained on one of the two diets for 5 weeks. 
Chromatography and analysis were performed as described in the legend 
to Fig. 1. Lipoprotein classes are indicated as in Fig. 1: 0-0, chow diet; 
0-0, high-fat diet; X, total plasma cholesterol. 

reduced in HDLl (compare this distribution to that in 
Fig. 3, panel B). Almost all the endogenous mouse apoE 
was associated with the apoB-containing lipoproteins in 
both transgenic and nontransgenic animals (data not 
shown). However, a significant quantitative difference was 
observed between the transgenic and nontransgenic mice 
on the high-fat diet. Total cholesterol levels, which were 
similar in both groups of mice on the chow diet, increased 
significantly more in fat-fed apoE(Argll2, Cys142) trans- 
genic mice than in the nontransgenic littermates (Table 1). 

HOLj 

1 2 3  4 

Fig. 6. Distribution of apoE(Arg112, Cys142) among mouse lipoproteins 
after a 5-week high-fat, high-cholesterol diet. Plasma (200 PI)  was chro- 
matographed on Superose 6, and chromatography fractions were collected 
as described in the legend to Fig. 1. Fractions corresponding to the major 
lipoprotein classes were pooled as described in the legend to Fig. 3. Each 
pool was concentrated using a Centricon filter, electrophoresed on an 
agarose gel, and immunoblotted with human-specific anti-apoE antiserum. 
The positions of HDLl  are boxed. The origin is indicated by the arrow; 
the migration distances of a- and P-lipoproteins are also indicated. 

TABLE 1. Plasma lipids of nontransgenic and 
apoE(Argl12, Cys142) transgenic mice“ 

Cholesterol Triglycerides 

Mice Chow Diet High-fat Diet Chow Diet High-fat Diet 

mg/dl mg/dl 

Nontransgenic 106 i 18 192 64 83 i 50 22 f 19 

Transgenic 100 f 25 290 i 81’ 67 * 38 33 f 13 
(n) (7) (7) (7) (7) 

(n) (9) (9) (9) (9) 

“Data are presented as mean f standard deviation. 
*P = 0.01 compared to nontransgenic mice on high-fat diet, pooled 

I-test. 

In contrast, triglyceride levels in transgenic and nontrans- 
genic animals were similar before diet and fell similarly 
after diet. The fall in triglyceride levels upon fat feeding 
is a typical response in mice as well as other animal spe- 

To ascertain which lipoproteins accounted for the in- 
creased plasma cholesterol in the fat-fed transgenic ani- 
mals, three mice with total cholesterol levels nearest that 
of the average were selected from the transgenic and non- 
transgenic fat-fed groups (Table l), and their plasma was 
subjected to Superose 6 chromatography. Fig. 7 shows the 
mean cholesterol profile of the three mice from each 
group. The results indicate that the plasma cholesterol 
difference between transgenic and nontransgenic mice is 
a result of higher VLDL levels in the fat-fed transgenic 
mice. Agarose electrophoresis of this fraction from each 

cies (42, 43). 1 

100 
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0 
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Fig. 7. Superme 6 chromatography of plasma from nontransgenic mice 
and apoE(Argll2, Cys142) transgenic mice after a 5-week high-fat, high- 
cholesterol diet. A 200-4 aliquot of plasma was chromatographed on a 
Superose 6 column, and the fractions containing the lipoproteins were 
analyzed for their cholesterol content. Three mice were analyzed in each 
group and the mean profile for each group was plotted (vertical bars in 
the VLDL peak represent standard deviation). Lipoprotein classes are 
indicated as in Fig. 1: 0--0, nontransgenic (n=3); 0-0, transgenic (n=3). 
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group of mice failed to show a discernible difference be- 
tween them; both had a broad VLDL band extending 
from the @-migrating to the pre-0-migrating position 
(data not shown). 

DISCUSSION 

Transgenic mice have been produced that express the 
human apoE variant, apoE(Argll2, Cys142). The DNA 
construct used did not contain the downstream regulatory 
element necessary for liver expression (29, 44), and the 
transgenic apoE was produced exclusively in the kidney. 
Despite the ectopic site of expression, we had reasons to 
expect that, upon secretion into the plasma, this human 
apoE variant would associate with lipoproteins and 
influence metabolic processes. It has been shown that nor- 
mal human apoE3 produced from the same HEGl con- 
struct distributes among plasma lipoproteins similarly to 
the liver-derived mouse apoE (40). Moreover, recent data 
showed that apoE secretion is not coupled to changes in 
VLDL output in the human hepatoma line HepG2 (37), 
suggesting that the presence of apoE on the VLDL is not 
essential at the time of secretion. 

The transgenic mice expressed the human apoE variant 
in plasma at a level of about 2.5 mg/dl, roughly half of the 
endogenous mouse apoE level, which in most strains is in 
the range of 5-10 mg/dl (15). The plasma levels of human 
apoE expressed from this construct are comparable to 
those previously reported (29, 30). In mice on chow diet, 
although no significant differences in total plasma choles- 
terol and triglycerides were observed between transgenic 
and nontransgenic mice, HDL, were more apparent in 
transgenic mice than in nontransgenic littermates (Figs. 1 
and 4). These HDLl contained most of the human apoE 
variant (Figs. 2 and 3). The in vitro incubation experi- 
ment presented in Fig. 3, panel C, suggests that the ac- 
cumulation of apoE(Argll2, Cys142) on HDL, has a 
metabolic origin and does not result simply from a physi- 
cal association preference of this apoE variant for HDL, 
particles. In support of this argument, we found that 
another receptor-binding-defective apoE variant, apoE- 
Leiden, which has a completely different structural muta- 
tion (45), also accumulated on HDL, in transgenic mice 
without having a physical preference for those particles 
(46). The most likely explanation for the observed results 
is that because of diminished interaction with mouse lipo- 
protein receptors, the apoE variant retarded the clearance 
of those HDLl particles containing a high ratio of the hu- 
man variant apoE to the endogenous apoE. This pro- 
posed explanation is consistent with the postulated role 
for apoE in reverse cholesterol transport, specifically, that 
HDL, are cleared from the circulation through apoE- 
mediated catabolism. Koo, Innerarity, and Mahley (11) 
demonstrated the importance of apoE in the formation of 

large cholesterol-rich HDL (HDL,/HDL,). They showed 
that the apoE-deficient macrophage line 5774 was able to 
transform HDL3 into HDL,, after cholesterol loading and 
in the presence of 1ecithin:cholesterol acyltransferase, only 
when exogenous apoE was added to the medium. These 
apoE-rich HDL, then acquired the ability to bind to the 
LDL receptor. Funke et al. (14) showed that apoE-rich 
HDLl are actively taken up by hepatocytes of both dogs 
and rats. The dysfunctional apoE produced in low levels 
by the apoE(Argll2, Cys142) mice reported here associ- 
ates with the HDL and probably is involved in the expan- 
sion of the lipoprotein core and its transformation into 
HDL1. The accumulation of HDL, might be a result of 
retarded clearance due to defective binding to lipoprotein 
receptors, or might be due to overproduction driven by 
the increased content in total apoE. Because of the low 
levels of expression of the defective human apoE variant 
and the presence of endogenous mouse apoE, the pertur- 
bations are not large. 

The ectopic site of expression of the human apoE ap- 
parently does not influence the observed effects on HDL, 
metabolism. Transgenic mice have been prepared that ex- 
press the same human apoE variant, apoE(Argll2, 
Cys142), but by the liver rather than the kidney. High ex- 
presser mice develop a spontaneous hyperlipidemia (25). 
In the present study, we analyzed a line expressing 
2.5 mg/dl of the apoE variant, comparable to that re- 
ported here for the kidney-expressing lines, that also ac- 
cumulated the transgenic protein on HDL,. The results 
of the liver-expressing and kidney-expressing lines were 
essentially indistinguishable (data not shown). 

The absence of CETP activity in mouse plasma could 
account, at least in part, for the specific effect of 
apoE(Argll2, Cys142) on HDL, metabolism and the lack 
of an effect on VLDL metabolism when the apoE variant 
is expressed at low levels in transgenic mice on a normal 
chow diet. However, VLDL metabolism was altered sig- 
nificantly in the absence of CETP when apoE(Argll2, 
Cys142) was expressed in transgenic mice at high enough 
levels (25). Furthermore, even in the presence of large 
amounts of P-VLDL in those mice, the effect of the apoE 
variant on HDL, accumulation persisted (S. Fazio, un- 
published observation). It is quite possible that in the 
presence of CETP activity, HDL, accumulation would be 
eliminated if the HDL, are good substrates for CETP. 
Likewise, the presence of CETP may lead to a perturba- 
tion in VLDL metabolism in chow-fed mice expressing 
low levels of apoE(Argll2, Cys142). We are testing these 
and other hypotheses by crossing the apoE(Argll2, Cys142) 
transgenic lines with CETP transgenic mice (47). 

When the transgenic mice reported here were fed B 
high-fat, high-cholesterol diet for 5 weeks, the human 
apoE variant associated mostly with the apoB-containing 
lipoproteins (Fig. 6) and led to an increase in total plasma 
and VLDL cholesterol that was significantly greater than 
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that in fat-fed nontransgenic mice (Table 1 and Fig. 7). In 
contrast, no difference was noted in response to a high-fat, 
high-cholesterol diet between nontransgenics and normal 
human apoE transgenics that expressed human apoE in 
the plasma at levels up to twice that of endogenous apoE 
(E. M. Rubin, personal communication). Therefore, our 
results indicate that the presence of the receptor-binding- 
defective apoE variant causes accumulation of apoB- 
containing lipoproteins over and above that induced by 
the high-fat diet. This finding suggests an additional, 
specific metabolic perturbation of apoB-containing lipo- 
proteins, again consistent with impaired catabolism 
caused by the presence of the receptor-binding-defective 
apoE. Although the increased cholesterol levels after diet 
were limited to the VLDL (Fig. 7), the fat feeding studies 
demonstrated that metabolism of apoB-containing lipo- 
proteins can be perturbed in mice expressing low levels of 
this human apoE variant. 

Overall, the results of the present study suggest that 
mouse lipoprotein metabolism can be altered by the ex- 
pression of only modest levels of a receptor-binding- 
defective human apoE variant and that the mechanism of 
action is similar to that involving defective apoE in hu- 
mans, Le., impaired apoE-mediated catabolism of lipo- 
proteins due to defective interaction with lipoprotein 
receptors. These results support the concept of a crucial 
role for apoE in lipoprotein metabolism in mice (19). In 
particular, these findings highlight the importance of 
apoE in the metabolism of HDL and HDL1, whose levels 
can be affected even by low level expression of a receptor- 
binding-defective apoE. This contrasts with the severe 
disruptions in the metabolism of apoB-containing lipo- 
proteins occurring in the cases of either apoE absence (23, 
24) or high level expression of dysfunctional apoE (25). 
Our  results suggest that apoE also may be operable in a 
reverse cholesterol transport pathway where apoE is in- 
volved in the expansion of the HDL core and the eventual 
removal of cholesterol by apoE-mediated interaction with 
lipoprotein receptors. I 
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