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ABSTRACT: Overexpression of apolipoprotein E (apoE) induces hypertriglyceridemia in apoE-deficient
mice, which is abrogated by deletion of the carboxy-terminal segment of residues 260-299. We have
used adenovirus-mediated gene transfer in apoE-/- and apoA-I-/- mice to test the effect of three sets of
apoE mutations within the region of residues 261-265 on the induction of hypertriglyceridemia, the
esterification of cholesterol of very low-density lipoprotein (VLDL) and high-density lipoprotein (HDL),
and the formation of spherical or discoidal apoE-containing HDL. A single-amino acid substitution (apoE4-
[Phe265Ala]) induced hypertriglyceridemia in apoE-/- or apoA-I-/- mice, promoted the accumulation of
free cholesterol in the very low-density lipoprotein (VLDL) and HDL region, and decreased HDL cholesterol
levels. A double substitution (apoE4[Leu261Ala/Trp264Ala]) induced milder hypertriglyceridemia and
increased HDL cholesterol levels. A triple substitution (apoE4[Leu261Ala/Trp264Ala/Phe265Ala] or apoE2-
[Leu261Ala/Trp264Ala/Phe265Ala]) did not induce hypertriglyceridemia and increased greatly the HDL
cholesterol levels. Electron microscopy (EM) analysis of the HDL fractions showed that apoE4[Leu261Ala/
Trp264Ala/Phe265Ala] and apoE2[Leu261Ala/Trp264Ala/Phe265Ala] contained spherical HDL, apoE4-
[Leu261Ala/Trp264Ala] contained mostly spherical and few discoidal HDL particles, and apoE4-
[Phe265Ala] contained discoidal HDL. We conclude that residues Leu261, Trp264, and Phe265 play an
important role in apoE-induced hypertriglyceridemia, the accumulation of free cholesterol in VLDL and
HDL, and the formation of discoidal HDL. Substitution of these residues with Ala improves the apoE
functions by preventing hypertriglyceridemia and promoting formation of spherical apoE-containing HDL.

ApoE1 is a very important protein of the lipoprotein
transport system that plays an important role in the protection
from or the pathogenesis of atherosclerosis, dyslipidemia,
and Alzheimer’s disease (1-5).

A well-documented function of apoE is its participation
in the clearance of lipoprotein remnants of intestinal or
hepatic origin by the liver (4-6). ApoE at physiological
concentrations maintains lipid homeostasis and is athero-
protective (7-13). ApoE also has been shown to promote

cholesterol efflux in vitro (14, 15) and thus may contribute
to cell and tissue cholesterol homeostasis and protection from
atherosclerosis through different mechanisms (11, 12).
Despite the beneficial functions of apoE, it has also been
found that overexpression of any of the three apoE
isoforms in apoE-deficient mice increases the rate of
VLDL triglyceride secretion and is associated with hyper-
triglyceridemia (16-19). In humans and mice, plasma
apoE levels correlate with plasma triglyceride levels
(6, 20). Hypertriglyceridemia was prevented by deletion of
the C-terminal region of residues 260-299 of apoE
(16-18, 21). Site-directed mutagenesis and gene transfer in
mice localized the amino acids responsible for hypertri-
glyceridemia in the region of residues 261-269 of
apoE (22).

In this study, we investigate the molecular etiology of
apoE-induced dyslipidemia. Using adenovirus-mediated gene
transfer in apoE- and apoA-I-deficient mice, we found that
amino acids Leu261, Trp264, and Phe265 are required for
the induction of hypertriglyceridemia. Substitution of these
residues with Ala facilitates the clearance of VLDL, promotes
the esterification of the cholesterol of VLDL and HDL, and
results in the formation of spherical apoE-containing
HDL.
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EXPERIMENTAL PROCEDURES

Materials

Materials not mentioned in the Experimental Procedures
have been obtained from sources described previously
(23, 24).

Methods

Construction of Recombinant AdenoViruses Expressing the
Wild Type and the Mutant Forms of ApoE4.Three apoE4
mutants were generated [apoE4-mutA (apoE4[Phe265Ala]),
apoE4-mutB (apoE4[Leu261Ala/Trp264Ala]), and apoE4-
mutC (apoE4[Leu261Ala/Trp264Ala/Phe265Ala])] using the
QuickChange-XL mutagenesis kit (Stratagene). The follow-
ing mutagenic primers were used: apoE4-mutA-f (5′-CGC
CTC AAG AGC ΤGG GCC GAG CCC CTG GTG GAA-
3′), apoE4-mutA-r (5′-TTC CAC GAC GGG CTC GGC
CGC GCT CTT GGC GCG-3′), apoE4-mutB-f (5′-GCC
TTC CAG GCC CGCGCC AAG AGC GCG TTC GAG
CCC CTG GTG GAA GAC ATG CAG CGC-3′), apoE4-
mutB-r (5′-GCG CTG CAT GTC TTC CAC GAC GGG
CTC GAA CGC GCT CTT GGC GCG GGC CTG GAA
GGC-3′), apoE4-mutC-f (5′-CAG GCC GAG GCC TTC
CAG GCC CGCGCC AAG AGC GCG GCC GAG CCC
CTG GTG GAA GAC ATG CAG CGC CAG TGG GCC-
3′), and apoE4-mutC-r (5′-GGC CCT CTG GCG CTG CAT
GTC TTC CAC GAC GGG CTC GGC CGC GCT CTT
GGC GCG GGC CTG GAA GGC CTC GGC GTC-3′). The
nucleotides mutated in various codons are in bold and
underlined. In both mutagenic reactions, the vector pGEM7-
apoE4 (16) containing exons II, III, and IV of human apoE
was used as a template. In the mutagenic reactions for the
generation of the apoE2 mutC, the same vector (pGEM7-
apoE4) was initially used as a template to generate pGEM7-
apoE3, which was then used as a template to generate
pGEM7-apoE2. First, the pGEM7-apoE3 plasmid was gener-
ated by introducing the Arg112Cys mutation into the
pGEM7-apoE4 plasmid with the mutagenic primers
apoE4fE3-f (5′-GCG GAC ATG GAG GAC GTGTGC
GGC CGC CTG GTG CAG TAC-3′) and apoE4fE3-r (5′-
GTA CTG CAC CAG GCG GCC GCA CAC GTC CTC
CAT GTC CGC-3′). The Arg158Cys mutation was intro-
duced into the pGEM7-apoE3 plasmid with the mutagenic
primers apoE3fE2-f (5′-GCC GAT GAC CTG CAG AAG
TGC CTG GCA GTG TAC CAG GCC-3′) and apoE3fE2-r
(5′-GGC CTG GTA CAC TGC CAG GCA GTT CTG CAG
GTC ATC GGC-3′) to generate the pGEM7-apoE2 plasmid.
The pGEM7-apoE2 plasmid was then used as a template to
generate the mutant apoE2-mutC with the same primers that
were used for the generation of apoE4-mutC. Following 18
cycles of PCR amplification of the template DNA, the PCR
product was treated with DpnI to digest plasmids containing
methylated DNA in one or both of their strands. The reaction
product consisting of plasmids containing newly synthesized
DNA carrying the mutations of interest was used to transform
competent XL-10 blue bacteria cells (Stratagene). Ampicillin-
resistant clones were selected, and plasmid DNA was isolated
from these clones and subjected to sequencing to confirm
the presence of the point mutations.

The recombinant adenoviruses were constructed as de-
scribed using the Ad-Easy-1 system where the adenovirus

construct is generated in bacterial BJ-5183 cells (16, 25).
Correct clones were propagated in RecA DH5R cells. The
recombinant adenoviral vectors were linearized with PacI
and used to infect 911 cells (16, 26). Following large-scale
infection of HEK 293 cell cultures, the recombinant aden-
oviruses were purified by two consecutive CsCl ultracen-
trifugation steps, dialyzed, and titrated. Usually, titers of
approximately 2-5 × 1010 pfu/mL were obtained.

Cell Culture Studies.Human HTB13 cells (SW1783,
human astrocytoma) grown to confluence in medium con-
taining 10% fetal calf serum (FCS) were infected with
AdGFP-E4 or the adenoviruses expressing the mutant apoE
forms Ad-apoE4-mutA, Ad-apoE4-mutB, and Ad-apoE4-
mutC at a multiplicity of infection (moi) of 5. Twenty-four
hours post-infection, cells were washed twice with phosphate-
buffered saline (PBS) and fresh serum-free medium was
added. After incubation for 48 h, medium was collected and
analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for apoE expression.

Animal Studies, RNA, and Protein Analyses. Male and
female apoE-deficient 8-10-week-old mice were used in
these studies. Groups of four to seven mice were injected
intravenously through the tail vein with a dose of 2× 109

pfu. In some experiments, we used a combination of
adenoviruses expressing apoE4-mutA (2× 199 pfu) and
human LCAT (5× 108 pfu) or human lipoprotein lipase (5
× 108 pfu). Blood was obtained from the tail vein after a 4
h fasting prior to the adenoviral injection and 0, 1, 2, 3, and
4 days post-infection. Aliquots of plasma were stored at 4
and
-20 °C. Four or more animals from each group were
sacrificed 5 days post-infection, and the mRNA levels in
the mouse liver were analyzed by Northern blotting and
quantitated by phosphorimaging as described previously (16).

Fast-Performance Liquid Chromatography (FPLC) Analy-
sis and Identification of Lipids. For FPLC analysis of plasma
samples, 12µL of plasma was diluted 1:5 with PBS and
loaded onto a Superose 6 column in a SMART micro FPLC
system (Pharmacia) and eluted with PBS. A total of 25
fractions (50µL each) were collected for further analysis.
Triglycerides and cholesterol were assessed using the GPO-
Trinder kit (Sigma) and the CHOL-MPR3 kit (Boehringer-
Mannheim), according to the manufacturer’s instructions. The
triglyceride and cholesterol concentrations of the plasma and
the FPLC fractions were determined spectrophotometrically
at 540 and 492 nm, respectively, as described previously (16).

Quantification of Human ApoE. Plasma at human apoE
concentrations was assessed using a sandwich ELISA
(16, 17, 21).

Statistical Analysis.Data are presented as the mean(
standard error. Comparison of data from two groups of mice
was performed using the paired-two-sample-for-meanst test
with unequal variance.

Density Gradient Ultracentrifugation.To assess the ability
of WT and mutant apoE forms to associate with different
lipoproteins, an aliquot of 0.3 mL of plasma from mice
infected either with the control adenovirus expressing the
AdGFP or with adenoviruses expressing the WT or mutant
apoE4 forms was brought to a volume of 0.5 mL with PBS
and adjusted to a density of 1.23 g/mL with KBr. This
solution was then overlaid with 1 mL of 1.21 g/mL KBr,
2.5 mL of 1.063 g/mL KBr, 0.5 mL of 1.019 g/mL KBr,

9646 Biochemistry, Vol. 46, No. 33, 2007 Drosatos et al.



and 0.5 mL of saline. The mixtures were centrifuged for 22
h in a SW-41 rotor at 34 000 rpm. Following ultracentrifu-
gation, 10 fractions of 0.5 mL were collected, and the top 9
fractions were analyzed by SDS-PAGE.

Electron Microscopy (EM). Aliquots of the five to eight
fractions from equilibrium density gradient ultracentrifuga-
tion that contain most of the apoE were dialyzed against
ammonium acetate and carbonate buffer, were stained with
sodium phosphotungstate, were visualized in the Phillips
CM-120 electron microscope (Phillips Electron Optics,
Eindhoven, The Netherlands), and were photographed as
described previously (27). The photomicrographs were taken
at 75000× magnification and enlarged three times.

RESULTS

Generation of Recombinant AdenoViruses Carrying Mutant
ApoE4 Forms and Their Expression in HTB-13 Cells.We
have generated recombinant adenoviruses expressing three
new apoE4 mutants, where hydrophobic amino acids in the
region of residues 261-265 were substituted with Ala. The
first mutant, designated apoE4-mutA, carries a Phe265Ala
substitution; the second, designated apoE4-mutB, has
Leu261Ala and Trp264Ala substitutions, and the third,
designated apoE4-mutC, has Leu261Ala, Trp264Ala, and
Phe265Ala substitutions. To assess the expression and
secretion of the mutant apoE4 forms in comparison to WT
apoE4, we infected HTB-13 (human astrocytoma) cells,
which do not synthesize endogenous apoE, with the recom-
binant adenoviruses expressing the WT and the mutant apoE4
forms using a moi of 5. Analysis of the culture media 24 h
post-infection showed that the WT and the mutant forms
were secreted at comparable levels in the medium (data not
shown).

Substitution of Residues Leu261, Trp264, with Phe265 by
Ala PreVents ApoE-Induced Hypertriglyceridemia. The ad-
enovirus-mediated apoE gene transfer experiments were
performed with viral doses that gave comparable hepatic
apoE mRNA levels for WT and the mutant apoE forms. The
viral doses that were used did not cause liver damage as
determined by the normal serum transaminase levels 1-4
days post-infection. When apoE-/- mice were infected with
2 × 109 pfu of recombinant adenoviruses expressing either
WT apoE4 or apoE4-mutA that has a Phe265Ala substitution,
cholesterol levels increased and hypertriglyceridemia was
induced 3 and 4 days post-infection (Figure 1A,D). FPLC
analysis showed that the great majority of cholesterol and
all triglycerides were distributed in the VLDL region,
whereas the HDL cholesterol peak was very small (Figure
1B,C,E,F). Experiments with apoE4-, apoE3-, or apoE2-
expressing adenoviruses gave similar results (17, 18, 28).

The phenotypes of apoE-/- mice infected with apoE4-
mutB, which has two amino acids (Leu261 and Trp264)
substituted with Ala, and apoE4-mutC, which has three
amino acids (Leu261, Trp264, and Phe265) substituted with
Ala, were drastically different. Thus, infection of apoE-/-

mice with apoE4-mutB decreased the total plasma cholesterol
levels by approximately 40% but induced moderate hyper-
triglyceridemia (Figure 1G). Fractionation of plasma by
FPLC showed that approximately 70% of the total cholesterol
was in the HDL region (Figure 1H). The remaining 30% of
cholesterol along with the great majority of the triglycerides

was in the VLDL region (Figure 1H,I). Infection of apoE-/-

mice with adenovirus expressing the apoE4-mutC decreased
the plasma cholesterol level by approximately 60% and did
not induce hypertriglyceridemia (Figure 1J). More impor-
tantly, 85% of the cholesterol was distributed in HDL (Figure
1K). The remaining cholesterol along with low levels of
triglycerides was found in VLDL (Figure 1K,L). Infection
of apoE-/- mice with the control adenovirus expressing the
GFP did not affect significantly their plasma cholesterol and
triglyceride levels (Figure 1M). The distribution of lipids in
the control mice was in the VLDL/intermediate density
lipoprotein (IDL) region as described previously (4) (Figure
1N,O).

In ApoE-/- Mice OVerexpressing WT ApoE4, Cholesterol
Is Not Esterified.Substitution of Leu261, Trp264, and
Phe265 with Ala promotes esterification of the cholesterol
of the VLDL and HDL fractions. In an attempt to understand
the differences in phenotypes produced in apoE-/- mice
expressing WT apoE4, which induces dyslipidemia, and
apoE4-mutC, which corrects dyslipidemia, we correlated the
plasma lipid apoE levels and the lipoprotein composition with
the hepatic apoE mRNA levels following infection of mice
with the adenoviruses expressing these two apoE forms. It
was found that when the expression of WT apoE4 and
apoE4-mutC is comparable as determined by the hepatic
apoE mRNA levels (Figure 2A,B), WT apoE4 induced
dyslipidemia 1-4 days post-infection, which was character-
ized by severe hypertriglyceridemia (Figure 2C,D). In mice
expressing both WT apoE4 and apoE4-mutC, apoE ac-
cumulated in plasma at high levels (120-200 mg/dL) (Figure
2E). The majority of the apoE4-mutC was found in the HDL2

region, whereas WT apoE4 is distributed in all lipoprotein
fractions (Figure 2F,G). In mice overexpressing WT apoE4,
cholesterol exists mainly as free cholesterol (CE/TC) 0.1)
(Figure 2H), whereas in mice expressing apoE4-mutC,
cholesterol exists mostly as esterified cholesterol (CE/TC)
0.8) (Figure 2I).

ApoE4-mutA Promotes the Formation of Discoidal HDL
and ApoE4-mutC Promotes the Formation of Spherical HDL.
The FPLC data of Figure 1A-K suggested that apoE4-mutB
and apoE4-mutC had promoted the formation of HDL. To
assess the nature of the HDL particles that formed, we have
used adenovirus-mediated gene transfer of the apoE mutants
in apoA-I-/- mice. The lipid and lipoprotein profiles obtained
in apoA-I-/- mice following adenovirus infection were
qualitatively similar but not identical to those observed when
the same experiments were performed in apoE-/- mice
(compare Figure 1D-L with Figure 3A-I). In apoA-I-/-

mice expressing apoE4-mutA, plasma cholesterol and trig-
lyceride levels increased (Figure 3A). Triglycerides were
distributed in VLDL, whereas cholesterol was distributed in
both VLDL (60%) and HDL (40%) (Figure 3B,C). The CE/
TC ratio of the VLDL and HDL peak was 0.35 (Figure 3B).

In apoA-I-/- mice expressing apoE4-mutB, the level of
cholesterol was increased and mild hypertriglyceridemia was
observed (Figure 3D). However, 90% of the cholesterol was
found in HDL (Figure 3E), and the remaining 10% of the
cholesterol along with all the triglycerides was found in
VLDL (Figure 3E,F). The CE/TC ratio of the VLDL and
HDL was 0.6 (Figure 3E).

In mice expressing apoE4-mutC, there was a small increase
in the level of total plasma cholesterol that could be ascribed
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to the increase in the level of HDL cholesterol, whereas the
level of plasma triglycerides was low (Figure 3G-I). The
CE/TC ratio of VLDL and HDL was 0.85 (Figure 3H).

Similar results were obtained with apoE2-mutC, indicating
that the ability of the triple apoE mutant to promote formation
of HDL is independent of the apoE phenotype (Figure 3J-

FIGURE 1: Plasma cholesterol and triglyceride levels and FPLC profiles of apoE-/- mice infected with recombinant adenoviruses expressing
WT apoE4, apoE4-mutA, apoE4-mutB, apoE4-mutC (Panels A-L) or the control adenovirus expressing the green fluorescence protein
(Panel M) or apoE4mutA in combination with human LCAT or lipoprotein lipase (Panels N and O, respectively). Mice were infected with
2 × 109 pfu of recombinant adenovirus, and serum samples were isolated 4 days post infection. Serum samples were analyzed for total
plasma cholesterol and triglyceride levels as indicated in panels A, D, G, J, and M as well as for the distribution of cholesterol (B, E, H,
K, and N) and triglycerides (C, F, I, L, and O) following FPLC fractionation. The sequence of apoE4 and apoE4 mutants in the region of
residues 261 to 265 is indicated at the top of panels A, D, G, and J, and the amino acid alterations in apoE4 mutants are highlighted in gray.
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L). The data of Figure 3M-O are explained later. To
determine the type of particles which accumulate in the HDL
region, plasma obtained from apoA-I-/- mice 4 days post-
infection was fractionated by density gradient ultracentrifu-
gation and analyzed by SDS-PAGE (Figure 4A-C,G-I).
HDL fractions 5-8 obtained by this fractionation that
contained most of the apoE were analyzed by EM (Figure
4D-F,J-L). This analysis showed that apoE4-mutA pro-
moted the formation of discoidal HDL (Figure 4D). In
contrast, apoE4-mutC and apoE2-mutC promoted the forma-
tion of spherical HDL (Figure 4F,J). Finally, apoE4-mutB

promoted the formation of mostly spherical and few discoidal
HDL particles (Figure 4E).

Dyslipidemia Induced by ApoE4-mutA Is Corrected by
Treatment with Human Lecithin Cholesterol Acyl Transferase
(LCAT) or Lipoprotein Lipase.The data of Figure 3A
suggested that the activity of the endogenous lipoprotein
lipase was insufficient to hydrolyze the triglycerides of the
VLDL, which accumulates in the plasma of apoA-I-/- mice
expressing apoE4-mutA. In addition, the data of Figures 3B
and 4D suggested that the activity of the endogenous
LCAT was insufficient to esterify the cholesterol of VLDL

FIGURE 2: Correlation of hepatic apoE mRNA levels, plasma apoE levels, and triglyceride levels of apoE4 and apoE4-mutC carrying three
amino acid substitutions (L261A, W264A, and F265A). (A and B) Hepatic apoE mRNA levels of individual apoE-/- mice expressing WT
apoE4 or apoE4-mutC. (C-E) Plasma cholesterol, triglyceride, and apoE levels of apoE-/- mice expressing WT apoE4 or apoE4-mutC. (F
and G) Distribution of apoE following density grandient ultracentrifuation and SDS-PAGE analysis of the plasma of mice expressing WT
apoE (F) or apoE4-mutC (G). (H and I) FPLC profiles of free, esterified, and total cholesterol of apoE-/- mice expressing WT (H) apoE4
or apoE4-mutC (I).
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and HDL in apoA-I-/- mice expressing apoE4-mutA. This
question was addressed by treating the apoA-I-/- mice with a
combination of adenoviruses expressing both apoE4-mutC
and either human LCAT or human lipoprotein lipase. The
treatment of apoA-I-/- mice with the combination of
adenoviruses expressing apoE4-mutA and LCAT corrected

the apoE4-mutA-induced hypertriglyceridemia (Figure 3M-
O). This treatment also caused a dramatic increase in the
magnitude of the HDL cholesterol peak, and the CE/TC ratio
of HDL increased to 0.65 (Figure 3N). Hypertriglyceridemia
was also corrected by treatment of apoA-I-/- mice with a
combination of adenoviruses expressing apoE4-mutA and

FIGURE 3: Plasma cholesterol and triglyceride levels and FPLC profiles of apoA-I-/- mice infected with recombinant adenoviruses expressing
apoE4-mutA, apoE4-mutB, apoE4-mutC, apoE2-mutC, and apoE4-mutA in combination with a low dose of an adenovirus-expressing
LCAT. Mice were infected as described in the legend of Figure 1. Serum samples were isolated 4 days post-infection and analyzed for total
plasma cholesterol and triglyceride levels as indicated in panels A, D, G, J, and M as well as for the distribution of cholesterol (B, E, H,
K, and N) and triglycerides (C, F, I, L, and O) following FPLC fractionation.
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human lipoprotein lipase (data not shown). As expected, the
treatment of the apoA-I-/- mice with the adenovirus express-
ing apoE4-mutA with either human LCAT or lipoprotein
lipase also converted the discoidal HDL into spherical HDL
(Figure 4K,L).

DISCUSSION

The Triple ApoE Mutant in either an ApoE4 or ApoE2
Background Promotes ExclusiVely the Formation of Spheri-
cal ApoE-Containing HDL, and a Single ApoE4 Mutant
Induces Hypertriglyceridemia and Promotes the Formation
of Discoidal ApoE-Containing HDL. This study had two
objectives. The first was to determine how the apoE
mutations influence the formation of apoE-containing HDL,
and the second was to identify individual amino acids or
groups of amino acids that are capable of inducing hyper-
triglyceridemia and to find the etiology of apoE-induced
hypertriglyceridemia.

Previous studies have shown that overexpression of
N-terminal apoE forms extending from residue 1 to residues
185, 202, 229, and 259 can clear cholesterol of apoE-
deficient mice without induction of hypertriglyceridemia

(16-18, 21). However, full-length apoE forms, when
expressed at similar levels, increased further plasma cho-
lesterol levels, induced severe hypertriglyceridemia, and
affected the formation of HDL (16-18, 21). The FPLC lipid
profiles of apoE-/- or apoA-I-/- mice infected with aden-
oviruses expressing the WT and the three apoE mutants
showed an inverse correlation between the VLDL triglyceride
peak and the HDL cholesterol peak, suggesting that hyper-
triglyceridemia may interfere with the biogenesis of HDL.
To clarify this question, we performed adenovirus-mediated
gene transfer of the apoE mutants in apoA-I-/- mice, which
cannot synthesize apoA-I-containing HDL (28). It was found
that in mice expressing apoE4-mutB, apoE4-mutC, and
apoE2-mutC cholesterol was found in the HDL region and
was mostly esterified. In contrast, in mice expressing apoE4-
mutA, the magnitude of the HDL peak was diminished and
the cholesterol was mostly unesterified. Determination of the
morphology and composition of the HDL particles formed
in apoA-I-/- mice by the various apoE mutants by EM
showed that apoE4-mutA, which is associated with hyper-
triglyceridemia, formed discoidal HDL and apoE4-mutC and
apoE2-mutC, which are associated with normal triglyceride

FIGURE 4: Distribution of apoE following density gradient ultracentrifugation and SDS-PAGE analysis of plasma (A-C and G-I) and
EM analyses of HDL (D-F and J-L). ApoA-I-/- mice were infected with 2× 109 pfu of recombinant adenoviruses expressing apoE4-
mutA (A and D), apoE4-mutB (B and E), apoE4-mutC (C and F), apoE2-mutC (G and J), and a combination of apoE4-mutA (2× 109 pfu)
with LCAT (5 × 108 pfu) (H and K) or with lipoprotein lipase (5× 108 pfu) (I and L). Samples were collected 4 days post-infection and
analyzed as described in Experimental Procedures.
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levels, formed spherical HDL particles. ApoE4-mutB, which
is associated with moderate hypertriglyceridemia, formed a
mixed population of mostly spherical and few discoidal
particles. Since apoA-I-/- mice expressing GFP form very
few lipoprotein particles (data not shown) (29), we conclude
that the observed discoidal and spherical HDL particles
formed in mice expressing the various apoE mutants
represent apoE-containing HDL.

Substitution of Leu261, Trp264, and Phe265 with Ala
PreVented the Induction of Hypertriglyceridemia in ApoE-/-

Mice.The analysis of three apoE4 mutants carrying one, two,
or three substitutions of hydrophobic amino acids with Ala
in the region of residues 261-265 showed that apoE4-mutC
that has three amino acid substitutions and has the ability to
clear the VLDL cholesterol of apoE-/- mice without induc-
tion of hypertriglyceridemia. Similarly, apoE4-mutC or
apoE2-mutC did not induce hypertriglyceridemia in apoA-
I-/- mice. In this respect, these mutants behave like the
truncated apoE forms that lack the C-terminal domain (16-
18, 21). These findings indicated that residues Leu261,
Trp264, and Phe265 are required for the apoE-induced
hypertriglyceridemia and that the development of hypertrig-
lyceridemia is not influenced by the apoE phenotype. The
induction of hypertriglyceridemia requires some form of
combined action of all three residues, since neither residue
265 alone nor a combination of residues 261 and 264 is
sufficient to prevent the induction of hypertriglyceridemia.
Previous studies showed that expression of another apoE4
mutant in apoE-/- mice, where the hydrophobic residues
Trp276, Leu279, Val280, and Val283 were substituted with
Ala, did not correct hypercholesterolemia and induced hyper-
triglyceridemia, thus suggesting a unique role for residues
261, 264, and 265 in the induction of hypertriglyceridemia
(22).

The Clearance of VLDL Cholesterol in Mice Expressing
the Triple ApoE4 Mutant Is Associated with an Increase in
the Magnitude of the HDL Cholesterol Peak and an Increase
in the CE/TC Ratio of HDL. In apoE-/- mice with similar
levels of expression of WT apoE4 and the “triple” apoE4
mutant, the plasma apoE levels were high. It is noteworthy
that when the plasma apoE levels were identical 1 and 2
days post-infection, mice expressing WT apoE4 developed
hypertriglyceridemia whereas mice expressing apoE4-mutC
did not. The increased level of plasma apoE4-mutC, which
accumulates predominantly in the HDL2 region, accounts for
the increase in the magnitude of the HDL cholesterol peak.
As explained, the biogenesis of this type of apoE-containing
HDL is promoted by the triple apoE mutation. In contrast
to apoE4-mutC, WT apoE4 was distributed rather uniformly
in all lipoprotein classes. Thus, in this case, the increase in
the level of plasma apoE could reflect both an increased level
of synthesis of apoE-containing HDL and a defective
clearance of apoE-containing triglyceride-rich lipoproteins.

LCAT and Lipoprotein Lipase Can Rescue the Dyslipi-
demic Phenotype of ApoE4-mutA.In apoE-/- mice express-
ing WT apoE4, the VLDL contained mostly free cholesterol
(CE/TC ) 0.1). In contrast, the VLDL and HDL peak of
mice expressing apoE4-mutC contained mostly esterified
cholesterol (CE/TC) 0.8). The observed differences in the
free cholesterol of VLDL suggest that the esterification of
the cholesterol of VLDL is inhibited in mice overexpressing
the apoE4 but not in mice overexpressing apoE4-mutC.

Similar observations were made in apoA-I-/- mice express-
ing apoE4-mutA. It has been suggested recently that apoE
facilitates esterification of cholesterol of apoB-containing
lipoproteins by activating LCAT (30). Thus, inhibition of
LCAT in vivo could explain the increased cholesterol content
of VLDL and HDL. When apoA-I-/- mice were treated with
a combination of adenoviruses expressing apoE4-mutA and
either LCAT or lipoprotein lipase, hypertriglyceridemia was
corrected and spherical HDL particles were formed. This
indicated that in mice expressing apoE4-mutA the activity
of these enzymes in plasma was rate-limiting. The ability of
lipoprotein lipase to correct the apoE-induced hypertriglyc-
eridemia has also been demonstrated in a previous study
using WT apoE4 (22). The conversion of the discoidal to
spherical particles in vivo by treatment with LCAT indicates
the central role of LCAT in the biogenesis of spherical apoE-
containing HDL particles.

ApoE Has Dual Functionality in That It Participates in
Remnant Clearance as Well as in the Biogenesis of ApoE-
Containing HDL.Taken together with the known function
of apoE (1, 4, 5), the data are consistent with the following
events. ApoE secreted by the liver and other tissues can be
incorporated into triglyceride-rich lipoproteins, and following
hydrolysis of the triglycerides by lipoprotein lipases, apoE
directs the clearance of the lipoprotein remnants via the LDL
receptor (6, 18). Under conditions of overexpression of WT
apoE or certain apoE mutants, the apoE induces hypertrig-
lyceridemia that can be treated with either lipoprotein lipase
or LCAT. Here we show that WT and mutant apoE forms
can participate in the de novo biogenesis of apoE-containing
HDL particles following a pathway similar to that described
for the apoA-I-containing HDL particles (31) and that
specific apoE mutations promote the formation of spherical
apoE-containing HDL. The dual functionality of apoE in
remnant clearance and the formation of apoE-containing
HDL may account at least partially for its anti-atherogenic
properties (4, 5, 16, 32, 33). This study also establishes that
substitutions of Leu261, Trp264, and Phe265 with Ala in
either the apoE4 or apoE2 background improve the biological
functions of apoE in two different ways: the mutant apoE
forms can correct the high cholesterol levels of apoE-/- mice
without induction of hypertriglyceridemia, and they can
promote formation of spherical apoE-containing HDL.
Bioengineered apoE variants with improved biological func-
tions may find future therapeutic applications in the correc-
tion of remnant removal disorders and in atheroprotection.

ACKNOWLEDGMENT

We thank Dr. Silvia Santamarina-Fojo for providing the
adenovirus expressing the human LCAT and the human
lipoprotein lipase. We thank Anne Plunkett for preparing the
manuscript and Drs. Adelina Shkodrani-Duka and Angeliki
Chroni and Ms. Gayle Forbes for technical assistance.

REFERENCES

1. Zannis, V. I., Kypreos, K. E., Chroni, A., Kardassis, D., and Zanni,
E. E. (2004) inMolecular Mechanisms of Atherosclerosis(Los-
calzo, J., Ed.) pp 111-174, Taylor & Francis, New York.

2. Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel,
D. E., Gaskell, P. C., Small, G. W., Roses, A. D., Haines, J. L.,
and Pericak-Vance, M. A. (1993) Gene dose of apolipoprotein E
type 4 allele and the risk of Alzheimer’s disease in late onset
families,Science 261, 921-923.

9652 Biochemistry, Vol. 46, No. 33, 2007 Drosatos et al.



3. Zannis, V. I., Zanni, E. E., Makrides, S. C., Kardassis, D., and
Aleshkov, S. (1998) inNATO ASI Series, Life Sciences(Catravas,
J. D., Ed.) pp 179-209, Plenum Press, New York.

4. Plump, A. S., Smith, J. D., Hayek, T., Aalto-Setala, K., Walsh,
A., Verstuyft, J. G., Rubin, E. M., and Breslow, J. L. (1992) Severe
hypercholesterolemia and atherosclerosis in apolipoprotein E-
deficient mice created by homologous recombination in ES cells,
Cell 71, 343-353.

5. Schaefer, E. J., Gregg, R. E., Ghiselli, G., Forte, T. M., Ordovas,
J. M., Zech, L. A., and Brewer, H. B., Jr. (1986) Familial
apolipoprotein E deficiency,J. Clin. InVest. 78, 1206-1219.

6. Kypreos, K. E., and Zannis, V. I. (2006) LDL receptor deficiency
or apoE mutations prevent remnant clearance and induce hyper-
triglyceridemia in mice,J. Lipid Res. 47, 521-529.

7. Linton, M. F., and Fazio, S. (1999) Macrophages, lipoprotein
metabolism, and atherosclerosis: Insights from murine bone
marrow transplantation studies,Curr. Opin. Lipidol. 10, 97-105.

8. Hasty, A. H., Linton, M. F., Brandt, S. J., Babaev, V. R., Gleaves,
L. A., and Fazio, S. (1999) Retroviral gene therapy in ApoE-
deficient mice: ApoE expression in the artery wall reduces early
foam cell lesion formation,Circulation 99, 2571-2576.

9. Thorngate, F. E., Rudel, L. L., Walzem, R. L., and Williams, D.
L. (2000) Low levels of extrahepatic nonmacrophage ApoE inhibit
atherosclerosis without correcting hypercholesterolemia in ApoE-
deficient mice,Arterioscler. Thromb. Vasc. Biol. 20, 1939-1945.

10. Shimano, H., Ohsuga, J., Shimada, M., Namba, Y., Gotoda, T.,
Harada, K., Katsuki, M., Yazaki, Y., and Yamada, N. (1995)
Inhibition of diet-induced atheroma formation in transgenic mice
expressing apolipoprotein E in the arterial wall,J. Clin. InVest.
95, 469-476.

11. Tsukamoto, K., Tangirala, R., Chun, S. H., Pure, E., and Rader,
D. J. (1999) Rapid regression of atherosclerosis induced by liver-
directed gene transfer of ApoE in ApoE-deficient mice,Arterio-
scler. Thromb. Vasc. Biol. 19, 2162-2170.

12. Tsukamoto, K., Tangirala, R. K., Chun, S., Usher, D., Pure, E.,
and Rader, D. J. (2000) Hepatic expression of apolipoprotein E
inhibits progression of atherosclerosis without reducing cholesterol
levels in LDL receptor-deficient mice,Mol. Ther. 1, 189-194.

13. Raffai, R. L., Loeb, S. M., and Weisgraber, K. H. (2005)
Apolipoprotein E promotes the regression of atherosclerosis
independently of lowering plasma cholesterol levels,Arterioscler.
Thromb. Vasc. Biol. 25, 436-441.

14. Huang, Y., von Eckardstein, A., Wu, S., Maeda, N., and Assmann,
G. (1994) A plasma lipoprotein containing only apolipoprotein E
and with gamma mobility on electrophoresis releases cholesterol
from cells,Proc. Natl. Acad. Sci. U.S.A. 91, 1834-1838.

15. Remaley, A. T., Stonik, J. A., Demosky, S. J., Neufeld, E. B.,
Bocharov, A. V., Vishnyakova, T. G., Eggerman, T. L., Patterson,
A. P., Duverger, N. J., Santamarina-Fojo, S., and Brewer, H. B.,
Jr. (2001) Apolipoprotein specificity for lipid efflux by the human
ABCAI transporter,Biochem. Biophys. Res. Commun. 280, 818-
823.

16. Kypreos, K. E., Van Dijk, K. W., van Der, Z. A., Havekes, L.
M., and Zannis, V. I. (2001) Domains of apolipoprotein E
contributing to triglyceride and cholesterol homeostasis in vivo.
Carboxyl-terminal region 203-299 promotes hepatic very low
density lipoprotein-triglyceride secretion,J. Biol. Chem. 276,
19778-19786.

17. Kypreos, K. E., Li, X., Van Dijk, K. W., Havekes, L. M., and
Zannis, V. I. (2003) Molecular mechanisms of type III hyperli-
poproteinemia: The contribution of the carboxy-terminal domain
of ApoE can account for the dyslipidemia that is associated with
the E2/E2 phenotype,Biochemistry 42, 9841-9853.

18. Zannis, V. I., Chroni, A., Kypreos, K. E., Kan, H. Y., Cesar, T.
B., Zanni, E. E., and Kardassis, D. (2004) Probing the pathways
of chylomicron and HDL metabolism using adenovirus-mediated
gene transfer,Curr. Opin. Lipidol. 15, 151-166.

19. Huang, Y., Liu, X. Q., Rall, S. C., Jr., Taylor, J. M., von
Eckardstein, A., Assmann, G., and Mahley, R. W. (1998)
Overexpression and accumulation of apolipoprotein E as a cause

of hypertriglyceridemia,J. Biol. Chem. 273, 26388-26393.
20. Havel, R. J., Kotite, L., Vigne, J. L., Kane, J. P., Tun, P., Phillips,

N., and Chen, G. C. (1980) Radioimmunoassay of human arginine-
rich apolipoprotein, apoprotein E. Concentration in blood plasma
and lipoproteins as affected by apoprotein E-3 deficiency,J. Clin.
InVest. 66, 1351-1362.

21. Kypreos, K. E., Morani, P., Van Dijk, K. W., Havekes, L. M.,
and Zannis, V. I. (2001) The amino-terminal 1-185 domain of
apoE promotes the clearance of lipoprotein remnants in vivo. The
carboxy-terminal domain is required for induction of hyperlipi-
demia in normal and apoE-deficient mice,Biochemistry 40, 6027-
6035.

22. Kypreos, K. E., Van Dijk, K. W., Havekes, L. M., and Zannis, V.
I. (2005) Generation of a recombinant apolipoprotein E variant
with improved biological functions: Hydrophobic residues (LEU-
261, TRP-264, PHE-265, LEU-268, VAL-269) of apoE can
account for the apoE-induced hypertriglyceridemia,J. Biol. Chem.
280, 6276-6284.

23. Liu, T., Krieger, M., Kan, H. Y., and Zannis, V. I. (2002) The
effects of mutations in helices 4 and 6 of apoA-I on scavenger
receptor class B type I (SR-BI)-mediated cholesterol efflux suggest
that formation of a productive complex between reconstituted high
density lipoprotein and SR-BI is required for efficient lipid
transport,J. Biol. Chem. 277, 21576-21584.

24. Chroni, A., Kan, H. Y., Kypreos, K. E., Gorshkova, I. N.,
Shkodrani, A., and Zannis, V. I. (2004) Substitutions of glutamate
110 and 111 in the middle helix 4 of human apolipoprotein A-I
(apoA-I) by alanine affect the structure and in vitro functions of
apoA-I and induce severe hypertriglyceridemia in apoA-I-deficient
mice,Biochemistry 43, 10442-10457.

25. He, T. C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W., and
Vogelstein, B. (1998) A simplified system for generating recom-
binant adenoviruses,Proc. Natl. Acad. Sci. U.S.A. 95, 2509-2514.

26. Fallaux, F. J., Kranenburg, O., Cramer, S. J., Houweling, A., Van
Ormondt, H., Hoeben, R. C., and van der Eb, A. J. (1996)
Characterization of 911: A new helper cell line for the titration
and propagation of early region 1-deleted adenoviral vectors,Hum.
Gene Ther. 7, 215-222.

27. Li, X., Kypreos, K., Zanni, E. E., and Zannis, V. (2003) Domains
of apoE required for binding to apoE receptor 2 and to phospho-
lipids: Implications for the functions of apoE in the brain,
Biochemistry 42, 10406-10417.

28. Chroni, A., Liu, T., Gorshkova, I., Kan, H. Y., Uehara, Y., von
Eckardstein, A., and Zannis, V. I. (2003) The central helices of
apoA-I can promote ATP-binding cassette transporter A1 (ABCA1)-
mediated lipid efflux. Amino acid residues 220-231 of the wild-
type apoA-I are required for lipid efflux in vitro and high density
lipoprotein formation in vivo,J. Biol. Chem. 278, 6719-6730.

29. Chroni, A., Kan, H. Y., Shkodrani, A., Liu, T., and Zannis, V. I.
(2005) Deletions of Helices 2 and 3 of Human ApoA-I Are
Associated with Severe Dyslipidemia following Adenovirus-
Mediated Gene Transfer in ApoA-I-Deficient Mice,Biochemistry
44, 4108-4117.

30. Zhao, Y., Thorngate, F. E., Weisgraber, K. H., Williams, D. L.,
and Parks, J. S. (2005) Apolipoprotein E is the major physiological
activator of lecithin-cholesterol acyltransferase (LCAT) on apo-
lipoprotein B lipoproteins,Biochemistry 44, 1013-1025.

31. Zannis, V. I., Chroni, A., and Krieger, M. (2006) Role of apoA-I,
ABCA1, LCAT, and SR-BI in the biogenesis of HDL,J. Mol.
Med. 84, 276-294.

32. Yuhanna, I. S., Zhu, Y., Cox, B. E., Hahner, L. D., Osborne-
Lawrence, S., Lu, P., Marcel, Y. L., Anderson, R. G., Mendelsohn,
M. E., Hobbs, H. H., and Shaul, P. W. (2001) High-density
lipoprotein binding to scavenger receptor-BI activates endothelial
nitric oxide synthase,Nat. Med. 7, 853-857.

33. Rader, D. J. (2002) High-density lipoproteins and atherosclerosis,
Am. J. Cardiol. 90, 62i-70i.

BI700232G

ApoE, HDL Synthesis, and Hypertriglyceridemia Biochemistry, Vol. 46, No. 33, 20079653


