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Molecular etiology of a dominant form of type Il
hyperlipoproteinemia caused by R142C substitution

in apoE4*®

Alexander M. Vezeridis, Konstantinos Drosatos,1 and Vassilis I. Zannis®

Molecular Genetics, Whitaker Cardiovascular Institute, Boston University School of Medicine, Boston MA

Abstract We have used adenovirus-mediated gene transfer
in apolipoprotein (apo)E_/ ~ mice to elucidate the molecu-
lar etiology of a dominant form of type III hyperlipopro-
teinemia (HLP) caused by the R142C substitution in apoE4.
It was found that low doses of adenovirus expressing
apoE4 cleared cholesterol, whereas comparable doses of
apoE4[R142C] greatly increased plasma cholesterol, triglyc-
eride, and apoE levels, caused accumulation of apoE in
VLDL/IDL/LDL region, and promoted the formation of dis-
coidal HDL. Co-expression of apoE4[R142C] with lecithin
cholesterol acyltransferase (LCAT) or lipoprotein lipase (LPL)
in apoE™’” mice partially corrected the apoE4[R142C]-
induced dyslipidemia. High doses of C-terminally trun-
cated apoE4[R142C]-202 partially cleared cholesterol in
apoE~/~ mice and promoted formation of discoidal HDL.
The findings establish that apoE4[R142C] causes accumula-
tion of apoE in VLDL/IDL/LDL region and affects in vivo
the activity of LCAT and LPL, the maturation of HDL, and
the clearance of triglyceride-rich lipoproteins.lli The pre-
vention of apoE4[R142Cl-induced dyslipidemia by deletion
of the 203-299 residues suggests that, in the full-length pro-
tein, the R142C substitution may have altered the conforma-
tion of apoE bound to VLDL/IDL/LDL in ways that prevent
triglyceride hydrolysis, cholesterol esterification, and receptor-
mediated clearance in vivo.—Vezeridis, A. M., K. Drosatos,
and V. I. Zannis. Molecular etiology of a dominant form of
type III hyperlipoproteinemia caused by R142C substitu-
tion in apoE4. J. Lipid Res. 2011. 52: 45-56.

Supplementary key words apolipoprotein E e lipoprotein lipase
lecithin:cholesterol acyl transferase ® hypertriglyceridemia ® recombi-
nant adenovirus ® gene transfer

Apolipoprotein E (apoE) is a very important protein of
the lipoprotein transport system. It is required for the
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clearance of lipoprotein remnants from the circulation
and is essential for atheroprotection (1-3).

Lipoprotein-bound apokE is the ligand for the LDL recep-
tor as well as other receptors in vitro (4-6). In vivo and in
vitro studies have shown that mutations in apoE that dimin-
ish binding of apoE-containing lipoproteins to the LDL re-
ceptor are associated with high plasma cholesterol levels and
cause premature atherosclerosis in humans and experimen-
tal animals (1-3, 7, 8). Most recently we have shown that apoE
is involved in the biogenesis of distinct apoE-containing HDL
species with the participation of the ABCAI lipid transporter
and lecithin cholesterol acyltransferase (LCAT) (9).

Certain apoE phenotypes and genotypes are associated
with recessive or dominant forms of type III hyperlipopro-
teinemia (HLP). The recessive form of type III HLP is en-
countered in subjects with the E2/2 phenotype which results
from the substitution of Cys for Arg-158 (10). This mutation
combined with other genetic or environmental factors affects
the catabolism of apoE-containing lipoproteins and results in
the accumulation in plasma of remnants of lipoprotein ca-
tabolism (7, 11). A variety of rare mutations in the 136-147
region of apoE are associated with a dominant mode of in-
heritance of type IIl HLP that is expressed at an early age (7,
8, 12, 13). The degree of penetrance of the disease varies
depending on the mutation (7).

In the present study we investigated the molecular
etiology of a dominant form of type III HLP caused by
the R142C substitution in apoE4. Using adenovirus-
mediated gene transfer in apoFfF mice, we show that
compared with wild-type (WT) apoE4, the apoE4[R142C]
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electron microscopy; FPLC, fast-protein liquid chromatography; GFP,
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cholesterol acyltransferase; pfu, plaque-forming unit; TC, total choles-
terol; WT, wild-type
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mutant dramatically increased plasma cholesterol, tri-
glyceride, and apoE levels; decreased esterification of
cholesterol in all lipoprotein fractions; promoted for-
mation of discoidal HDL; and caused accumulation of
apoE, mostly in the VLDL/IDL/LDL region. Despite the
abundance of apoE in the VLDL/IDL/LDL, these lipo-
protein particles cannot be processed properly by lipo-
protein lipase (LPL) and LCAT and cannotbe catabolized
directly by the LDL receptor. The observed dyslipidemia
can be partially corrected by treatment with LPL or
LCAT and is prevented by deletion of the C-terminal do-
main of the mutant apokE.

MATERIALS AND METHODS

Materials

Materials not mentioned in this section have been obtained
from sources described previously (14, 15).

Recombinant adenovirus construction

The recombinant adenoviruses were constructed as described
using the Ad-Easy-1 system where the adenovirus construct is gen-
erated in BJ-5183 bacterial cells (16, 17). Following large-scale
infection of HEK 293 cell cultures, the recombinant adenoviruses
were purified by two consecutive CsCly ultracentrifugation steps,
dialyzed, and titrated. Usually, titers of approximately 2-5 x 10"
pfu/ml were obtained.

Animal studies, RNA isolation, and apoE mRNA
quantitation

Male and female apoE-deficient mice 8-10 weeks old were
used in these studies. Groups of four or more mice were
injected intravenously through the tail vein with a dose of
0.5-3.5 x 10° pfu of adenoviruses expressing WT and truncated
human apoE forms. Blood was obtained from the tail vein after
a 4 h fast preceding adenoviral injection and on days 1, 2, 3 and
4 postinfection. The plasma was isolated and stored at 4°C and
—20°C. Four or more animals from each group were euthanized
four days postinfection, hepatic RNA was isolated by the triazol
method, and apoE mRNA levels were determined by quantita-
tive PCR using the standard TaqgMan thermal cycling program
and Applied Biosystems probe sets for human apoE and 18s
rRNA (Cat. #H]J00171168-M1 and 4319413E, respectively).

Fast-protein liquid chromatography fractionation and
plasma lipid and apoE determination

For fast-protein liquid chromatography (FPLC) analysis of
plasma samples, 12 pl of plasma were diluted 1:4 with PBS, loaded
onto a Superose 6 column in a SMART micro FPLC system (Phar-
macia), eluted with PBS. A total of 25 fractions of 50 .l volume
cach were collected for further analysis. Triglycerides and choles-
terol of plasma and the FPLC fractions were determined spectro-
photometrically at 540 nm and 490 nm, respectively, as described
previously (16) using the Serum Triglyceride Kit (Sigma) and
Thermo Infinity Cholesterol Reagent (Thermo Fisher), accord-
ing to the manufacturer’s instructions. Plasma apoE concentra-
tions were determined by sandwich ELISA using apoE standards
supplied by Wako Chemicals (Richmond, VA) (16).

Statistical analysis

Data are presented as mean + SD. Statistically significant dif-
ferences between two groups of mice were determined using Stu-
dent’s ttest with unequal variance.
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Density gradient ultracentrifugation and electron
microscopy analysis

To assess the ability of WT and truncated apoE forms to associ-
ate with different lipoproteins, an aliquot of 0.3 ml of plasma was
fractionated by KBr density gradient ultracentrifugation. Ten
fractions were collected and analyzed by SDS-PAGE as described
previously (18, 19). Aliquots of fractions 6-8, which contain most
of the apokE, obtained by density gradient ultracentrifugation,
were analyzed by electron microscopy (EM). The photomicro-
graphs were taken at 75,000x magnification and enlarged three
times as described previously (20).

Non-denaturing two-dimensional electrophoresis

The distribution of HDL subfractions in plasma was analyzed by
two-dimensional electrophoresis as described (19, 21). ApoE was
detected by probing the membrane with a goat polyclonal anti-
human apoFE antibody (Meridian Biosciences K74190G; Saco, ME).

RESULTS

ApoE4[R142C] induces dyslipidemia characterized by
high plasma cholesterol triglyceride and apoE levels

To elucidate how the R142C substitution in human
apoE4 induces dyslipidemia, we employed adenovirus-
mediated gene transfer of full-length or truncated forms of
apoE4[R142C]202 or the control WT apoE4 in apoE_/_
mice. The experiments with the truncated apoE-202 forms
were designed to assess the contribution of the C-terminal
domain of the mutant protein in the induction of dys-
lipidemia. We found that infection of apoEf/ " mice with
a low dose (b x 10° pfu) of an adenovirus expressing
apoE4[R142C] increased plasma cholesterol over a four-
day period and induced severe hypertriglyceridemia (Fig.
1A, B). The increase in triglyceride levels correlated with
parallel increases in plasma apoE levels (Fig. 1C). In con-
trast, infection of apoFf/* mice with a similar dose (5 x
10° pfu) of adenovirus expressing wild-type apoE4 cleared
cholesterol, did not affect plasma triglycerides levels, and
caused only a small increase in plasma apoE levels (Fig.
1A-C). Real-time qRT-PCR analysis showed that the he-
patic apoE4 and apoE4[R142C] mRNA four days postin-
fection were not statistically different (Fig. 1D).

ApoE4[R142C]-mediated dyslipidemia affects the HDL
cholesterol esterification

FPLC analysis of plasma from apoEf/ " mice infected
with 5 x 10° pfu of adenoviruses expressing wild-type apoE4
showed that over 85% of the cholesterol was found in
HDL-sized particles and was mostly esterified (Fig. 1E). In
contrast, when apoEﬁf mice were infected with 5 x 10°
pfu of adenoviruses expressing apoE4[R142C], the major-
ity of cholesterol (over 90%) was distributed in the VLDL/
IDL region, a small amount of cholesterol was found in
HDL, and it was unesterified (Fig. 1F).

Distribution of apoE to different lipoprotein fractions
following density gradient ultracentrifugation and
analysis of HDL fraction by EM

To assess the distribution of apoE and other apolipo-
proteins within different lipoprotein fractions, plasma
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Fig. 1. Plasma cholesterol, triglycerides, apoE, apoE mRNA levels, and FPLC profiles of apoEf/ ~ mice
infected with 5 x 10° pfu of recombinant adenoviruses expressing the wild-type apoE4 and the apoE4[R142C]
mutant on days 1 to 4 postinfection. A-D: Levels of plasma cholesterol, plasma triglycerides, plasma apoE,
and hepatic human apoE mRNA. E, F: Cholesterol FPLC profiles. Total cholesterol (esterified plus unesteri-
fied) is represented by a solid black line, and free unesterified cholesterol is represented by a dashed line.
The positions of the VLDL/IDL and HDL fractions and the CE/TC ratio are indicated. Parameters are
mean + SD. ApoE, apolipoprotein E; CE, cholesterol ester; FPLC, fast-protein liquid chromatography; TC,

total cholesterol.

obtained four days postinfection with adenoviruses express-
ing the wild-type or the mutant apoE4 forms were fraction-
ated by density gradient ultracentrifugation, and the fractions
were analyzed by SDS-PAGE. When the mice were infected
with a low dose of apoE4-expressing adenovirus (5 x 10°
pfu), most of the apoE was found in the HDL3 region.
This distribution is consistent with the formation of apoE-
containing HDL as previously described (9) (Fig. 2A).

However, when the mice were infected with 5 x 108 pfu
of adenovirus expressing apoE4[R142C] in addition to the
apoE floating in the HDL3 region, there was a dramatic
increase of apoE in the VLDL/IDL/LDL region as well as
a shift of apoE toward the HDL2 region (Fig. 2B). Overall,
there was a 7.5-fold increase of the mutant compared with
the WT apoE4 in plasma. Fig. 2A and 2B also indicate that
as the human apoE levels increase, the mouse apoA-I lev-
els decrease.

Electron microscopy of fractions 6 and 7 (Fig. 2A, B),
which correspond to the HDL3 region, showed that
apoE ™/~ mice infected with a low dose (5 x 10° pfu) of
apoE4 expressing adenovirus formed spherical HDL (Fig.
2C), whereas mice infected with a low dose (5 x 10° pfu) of

apoE4[R142C] expressing adenovirus formed a mixture
of spherical and discoidal HDL particles (Fig. 2D). This is
consistent with the CE/TC ratios of the HDL peak ob-
served (Fig. 1E, F).

Together, the data in Figs. 1 and 2 establish that the dif-
ferences in plasma cholesterol, triglyceride, and apoE lev-
els, the inhibition of esterification of cholesterol, and the
formation of discoidal HDL are not the result of different
levels of gene expression of the wild-type apoE4 and the
apoE4[R142C] but, rather, reflect alterations in the prop-
erties of the apoE[R142C] mutant. To assess whether the
apoE4[R142C] mutant has a dominant effect over the WT
apoE we co-expressed these proteins in apoEf/ ~ mice. Co-
infection of E*/~ mice with a mixture of 3.0 x 10° each of
adenovirus expressing apoE4[R142C] and WT apoE3 in-
creased plasma cholesterol levels induced severe hyper-
triglyceridemia and caused accumulation of apoE in the
VLDL/IDL/LDL/HDL region (supplementary Fig. IA, B,
D). In contrast infection with 6 x 10° pfu of the adenovirus
expressing apoE3 cleared cholesterol and did not increase
plasma triglyceride levels and all apoE was distributed in
the HDL region (supplementary Fig. 1A-C). The findings
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Fig. 2. Distribution of apoE in different lipoprotein fractions following density gradient ultracentrifuga-
tion of plasma and EM of the HDL fractions. A, B: Plasma samples obtained on day 4 postinfection from
apoEﬁf mice with (A) 5 x 10 pfu of apoE4 wild-type or (B) apoE4[R142C] mutant were fractionated by
density gradient ultracentrifugation and analyzed by SDS-PAGE as described in “Materials and Methods.”
The density of each fraction and the position of apoE in the VLDL/IDL, LDL, and HDL fractions are indi-
cated. Fractions 6 and 7 were pooled and analyzed by EM. C, D: EM analysis of HDL fractions obtained from
E~/" mice infected with 5 x 10 adenoviruses expressing (C) apoE4 wild-type or (D) apoE4[R142C] mutant.

ApokE, apolipoprotein E; EM, electron microscopy.

suggest that the mutant protein has a dominant effect in
the clearance of lipoprotein remnants.

The role of LCAT in the induction of dyslipidemia in
mice expressing apoE4[R142C]

The decrease in CE/TC ratio of VLDL and HDL ob-
served (Fig. 1F) suggested inability of LCAT to esterify the
cholesterol of these lipoprotein fractions. This prompted
us to assess whether the apoE4[R142C]J-induced dyslipi-
demia could be corrected by co-infection of apoFf/ " mice
with a mixture of adenoviruses expressing apoE4[R142C]
and LCAT compared with apoE4[R142C] and GFP. This
analysis showed that the LCAT treatment did not correct
the hypercholesterolemia, on days 1-4 postinfection, of
mice expressing apoE4[R142C] plus LCAT compared with
mice expressing apoE4[R142C] plus GFP (Fig. 3A). How-
ever, the LCAT treatment significantly decreased plasma
triglyceride levels and increased plasma apoE levels on
days 2—4 postinfection (Fig. 3B, C).

The expression level of apoE4[R142C] four days postin-
fection in mice co-expressing apoE4[R142C] and GFP was
higher but not significantly different than in mice co-
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expressing apoE4[R142C] and LCAT (Fig. 3D). The choles-
terol of HDL isolated by FPLC from mice treated with ad-
enovirus expressing apoE4[R142C] and green fluorescent
protein (GFP) was unesterified (Fig. 3E), whereas the
HDL cholesterol of mice treated with adenovirus express-
ing apoE4[R142C] and LCAT was esterified (Fig. 3F).

Density gradient ultracentrifugation of plasma and SDS-
PAGE analysis of the resulting fractions (Fig. 4A, B) showed
a shift of apoE to the VLDL/IDL/LDL region in mice
expressing apoE4[R142C] and LCAT (Fig. 4B), compared
with mice expressing apoE4[R142C] and GFP (Fig. 4A).
Electron microscopy of HDL fractions 5 and 6 (Fig. 4A, B)
showed that apoE /™ mice infected with adenovirus ex-
pressing apoE4[R142C] and GFP form a mixture of discoi-
dal and spherical particles (Fig. 4C), whereas mice infected
with adenovirus expressing apoE4[R142C] and LCAT
form spherical particles (Fig. 4D).

The role of LPL in the induction of dyslipidemia in mice
expressing apoE4[R142C]

The accumulation of triglycerides in E~/~ mice that re-
ceived the adenovirus expressing apoE4[R142C] (Fig. 1B)
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Fig. 3. Effect of LCAT on plasma lipids, plasma apoE, and hepatic apoE mRNA levels and FPLC choles-

terol profiles of apoE

mice expressmg apoE4[R142C]. Mice were co-infected with 7 x 10° pfu adenovirus

expressing apoE4[R142C] and 5 x 10° pfu adenovirus expressing either LCAT or GFP. Plasma lipids and
apoE were determined on days 0, 1, 2, 3, and 4 postinfection. Hepatic apoE mRNA levels were determined
on day 4 postinfection. Data shown are mean + SD. A-D: Levels of plasma cholesterol, plasma triglycerides,
plasma apoE and hepatic apoE mRNA. E, F: Plasma cholesterol FPLC profiles of apoE mice co-infected
with 7 x 10 pfu adenovirus expressing apoE4[R142C] and (E) 5 x 10° pfu of adenovirus expressing GFP or
(F) 5x10° pfu of adenovirus expressing LCAT. The positions of the VLDL/IDL and HDL fractions and the
CE/TC ratio are indicated. B, C: *Statistically significant difference (P< 0.02). ApokE, apolipoprotein E; CE,
cholesterol ester; FPLC, fast-protein liquid chromatography; LCAT, lecithin cholesterol acyltransferase; TC,

total cholesterol.

indicated that the endogenous lipoprotein lipase was
insufficient to hydrolyze the triglycerides of VLDL. For
this reason, we also assessed the ability of increased LPL
to Correct the dyslipidemic phenotype by co-infecting
apoE mice with a mixture of adenoviruses expressing
apoE4[R142C] and LPL compared with apoE4[R142C]
and GFP.

Treatment of apoE " mice with 7 x lO pfu of adenovirus
expressing apoE4[R142C] plus 5 x 10° pfu of adenovirus
expressing GFP gradually increased the plasma cholesterol
2-4 days postinfection and plasma triglycerides 1-4 days
postinfection, resulting in severe hypertriglyceridemia on
days 2—4 postinfection (Fig. bA, B).

In mice co-infected with 7 x 10° and 5 x 10° pfu, respec-
tively, with adenovirus expressing apoE4[R142C] and LPL,
cholesterol was cleared partially on day 1 and increased
gradually on days 2—4 postinfection (Fig. bA). The triglyc-

eride levels following LPL treatment were low on day 1 but
increased gradually between days 2 and 4 postinfection
(Fig. 5B). However hypertriglyceridemia and hypercholes-
terolemia on days 2—4 was significantly decreased in mice
that were co-expressing apoE4[R142C] and LPL com-
pared with mice that were co-expressing apoE4[R142C]
and GFP (Fig. 5B). Plasma apoE levels decreased signifi-
cantly on day 2 following LPL treatment (Fig. 5C).

Real-time qRT-PCR analysis showed that the human
apoE mRNA levels of mice co-infected with adenovirus ex-
pressing apoE4[R142C] and GFP and mice co-infected
with adenoviruses expressing apoE4[R142C] and LPL
were not statistically different (Fig. 5D). The HDL choles-
terol of HDL isolated by FPLC from mice co-expressing
apoE4[R142C] and LPL, as well as that of the control mice
expressing apoE4[R142C] and GFP, was unesterified (Fig.
5E, F).
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Fig. 4. Distribution of apoE in different lipoprotein fractions following density gradient ultracentrifuga-

tion of plasma and EM analysis of HDL fractions. Samples obtained from apoE ’ mice on day 4 postinfec-
tion with 7 x 10 pfu adenovirus expressing apoE4[R142C] and 5 x 10° pfu of adenovirus expressing either
GFP or LCAT were fractionated by density gradient ultracentrifugation and analyzed by SDS-PAGE and EM
as described in “Materials and Methods.” The density of each fraction and the position of apoE in the VLDL/
IDL, LDL, and HDL region are indicated. A, B: SDS-PAGE analysis of lipoprotein fractions obtained from
mice co-infected with 7 x 10° pfu apoE4[R142C] and (A) 5 x 10° pfu GFP or (B) 5 x 10° pfu LCAT. Fractions
5 and 6 were pooled and analyzed by EM. C, D: EM analysis of samples obtained from mice infected with a
mixture of adenoviruses expressing (C) apoE4[R142C] and GFP or (D) apoE4[R142C] and LCAT. ApoE,
apolipoprotein E; EM, electron microscopy; LCAT, lecithin cholesterol acyltransferase.

Density gradient ultracentrifugation of the plasma of in-
fected mice and SDS-PAGE analysis of the resulting frac-
tions showed a reduction of the apoE levels in the VLDL/
IDL/LDL region in mice expressing apoE4[R142C] and
LPL, compared with mice expressing apoE4[R142C] and
GFP (Fig. 6A, B). Electron microscopy of HDL fractions 5
and 6 (Fig. 6A, B) shows that the plasma of apoEf/ " mice
co-infected with adenovirus expressing apoE4[R142C] with
either GFP or LPL contains a mixture of discoidal and
spherical particles (Fig. 6C, D). This finding is consistent
with the decreased CE/TC ratios observed (Fig. 5E, F).

Contribution of the C-terminal domain of apoE4[R142C]
in the induction of dyslipidemia

The phenotype generated by the apoE4[R142C] muta-
tion can be attributed exclusively to a defective recogni-
tion of the receptor-binding domain of apoE by the LDL
receptor in vivo. Alternatively, additional factors brought
about by interactions of the N- and C-terminal domains of
the mutant apoE might contribute to the aberrant pheno-
type. To address this question, we performed a set of ex-
periments using the truncated mutant apoE4[R142C]-202
form and the truncated wild-type apoE4-202 form as a
control.

Treatment ofapoEfk mice with 2 x 10” or 3.5 x 10° pfu
of adenovirus expressing apoE4[R142C]202 partially
cleared cholesterol on days 1-4 postinfection and did not
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induce hypertriglyceridemia (Fig. 7A). The cholesterol
levels were reduced to ~250 mg/dl on day 1 and did not
change significantly on days 2—4 postinfection, indicating
that apoE4[R142C]202 that lacks residues 203-299 is rec-
ognized to some extent by the LDL receptor in vivo. Con-
sistent with previous findings (16), gene transfer of either
2 or 3.5 x 10° pfu of adenovirus expressing the WT apoE4-
202 also corrected the plasma cholesterol profile of
apoE7/7 mice and did not induce hypertriglyceridemia
(Fig. 7A, B).

The cholesterol levels of apoEf/ ~ mice were reduced to
approximately 100 mg/dl on day 1 and did not change
significantly on days 2-4 postinfection (Fig. 7A, B). Tri-
glyceride levels were in the range of 35-70 mg/dl and were
not affected by the treatment with the truncated WT or
mutant apoE form (data not shown).

Plasma apoE levels were significantly lower in mice ex-
pressing the WT compared with the mutant truncated
apoE form (Fig. 7D). Real-time qRT-PCR analysis of hu-
man apoE mRNA showed that the hepatic human apoE
mRNA levels of mice infected with 2 x 10 pfu of adenovi-
ruses expressing apoE4[R142C]-202 or apoE4-202 were
comparable (Fig. 7C). In addition, the hepatic apoE mRNA
levels of mice infected with 3.5 x 10’ pfu of adenoviruses
expressing apoE4[R142C]-202 were lower than in mice in-
fected with the same dose of adenoviruses expressing

apoE4-202 (Fig. 7C).
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Important differences in the plasma FPLC profiles were
observed when mice were infected with 3.5 x 10° pfu of ade-
novirus expressing either the wild-type or the mutant trun-
cated apoE form four days postinfection. In both cases,
the HDL cholesterol peak was reduced, and all choles-
terol of the HDL/LDL/IDL/VLDL was unesterified
(CE/TC ratio, 0.01 to 0.23) (Fig. 7E, F). In addition, the
VLDL/IDL/LDL cholesterol peak of apoE ™~ mice express-
ing apoE4[R142C]-202 was greatly enhanced, and there was
a pronounced shoulder of cholesterol spanning the IDL/LDL
region (Fig. 7F). This exaggerated phenotype occurs despite
the fact that the levels of expression of apoE4[R142C]-202
are lower than those of the WT apoE4-202 (Fig. 7C).

Western blotting of FPLC fractions showed the HDL2
peak and the IDL/LDL shoulder was enriched in apoE,
whereas the majority of mouse apoA-I appeared to be in
the HDL3 and lipid-free fractions (Fig. 7E, F, lower por-
tion). The residual VLDL peak and the IDL/LDL/HDL2

shoulder produced by the truncated apoE4[R142C]-202
(Fig. 7F) partially explain why the clearance of cholesterol
appears to be incomplete in mice infected with adenovi-
ruses expressing this mutant compared with mice express-
ing apoE4-202 (Fig. 7A, B).

When the apoE ™"~ mice were infected with 2 x 10° pfu of
adenovirus expressing the wild-type or the mutant form of
apoE4-202, the residual cholesterol on day 4 was distributed
in all lipoprotein classes, the HDL cholesterol was mostly es-
terified (CE/TC ratio, 0.63 to 0.70) and the VLDL/IDL/
LDL cholesterol was mostly unesterified (supplementary
Fig. IIA, B). In contrast, the cholesterol of all lipoprotein
classes in noninfected apoE ~ mice was mostly esterified
(CE/TC ratio, 0.72 to 0.87) (supplementary Fig. IIC).

Density gradient ultracentrifugation of plasma followed
by SDS-PAGE analysis of the resulting fractions showed that
when mice were infected with 3.5 x 10° pfu of adenovirus
expressing apoE4[R142C]-202 or apoE4-202, the major
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Fig. 6. Distribution of apoE in different lipoprotein fractions following den51ty gradlent ultracentrifuga-
tion of plasma and EM analysis of HDL fractions. Samples obtained from apoE mice four days postinfec-
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described in “Materials and Methods.” The density of each fraction and the position of apoE in the VLDL/
IDL, LDL, and HDL reglon are indicated. A, B: SDS-PAGE analy51s of lipoprotein fractlons derived from
mice co-infected with 7 x 10° pfu apoE4[R142C] and (A) 5 x 10° pfu GFP or (B) 5 x 10° pfu LPL Fractions
5 and 6 were pooled and analyzed by EM. C, D: EM analysis of fractions obtained from apoE ~ mice in-
fected with a mixture of adenoviruses expressing apoE4[R142C] and (C) GFP or (D) LPL. ApoE, apolipo-

protein E; EM, electron microscopy; LPL, lipoprotein lipase.

portion of apoE was distributed in the HDL2 region and, to
a lesser extent, in the HDL3 region, whereas the endoge-
nous mouse apoA-I was found predominantly in the HDL3
region and the lipoprotein-free fraction (Fig. 8A, B). Elec-
tron microscopy of the HDL fractions 5 and6 (Fig. 8A, B),
which are enriched in apoE, showed the presence of a mix-
ture of discoidal and spherical HDL particles (Fig. 8C, D).
On the basis of the apoprotein composition of the HDL
fractions analyzed by EM, the particles originating from
apoE4-202 contain both apoA-I and apoE (Fig. 8A), and
those originating from the apoE4[R142C]202 mutant con-
tain predominantly apoE (Fig. 8B). Taken together, the
findings illustrated in Figs. 7 and 8 demonstrate that the mu-
tant apoE4[R142C]-202 as well as the wild-type apoE4-202
forms have some differences in their lipid and lipoprotein
phenotypes when expressed in apoE ™/~ mice, but they also
share two common properties. They are capable of clearing
cholesterol without induction of hypertriglyceridemia, and
they promote the formation of discoidal HDL particles.

DISCUSSION

Background

A variety of rare apoE mutations between residues 136-
147 have been described. These mutations are associated

52 Journal of Lipid Research Volume 52, 2011

with a dominant inheritance of type III HLP that is mani-
fested at an early age (7, 12).

The importance of the 136-152 region of apoE for bind-
ing to the LDL receptor was assessed by in vitro mutagen-
esis (8, 13, 22). It has been recognized that the binding
affinity of these apoE mutants for the receptor observed in
vitro did not always correlate with the severity of the dys-
lipidemia observed in vivo. Thus, it was suggested that the
occurrence of the disease can be influenced by other, sec-
ondary factors (7, 8, 13, 22-24). These factors may be re-
lated to the apoE phenotype, which affects the distribution
of apoE to different lipoprotein classes (25, 26), or to the
interaction of apoE with heparan sulfate proteoglycans (27).

Heterozygous patients with a dominant form of type III
HLP carrying the &3 allele and a mutant allele were de-
scribed in 1983 (28). The product of the mutant allele pre-
dominated in the plasma of the affected subjects by 3:1
compared with the product of the normal &3 allele (13).
Sequence analysis identified an R142C substitution in the
g4 allele (Argl12 Cys142 Argl58) (29). DMPC proteolipo-
somes containing the R142C variant expressed in bacteria
had reduced binding affinity for the LDL receptor, a re-
ceptor blocking monoclonal antibody, and heparin based
on competition experiments (13). Unexpectedly, 3-VLDL
isolated from subjects expressing the apoE4[R142C]mu-
tant showed increased receptor binding affinity based on
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competition experiments (23). Several transgenic mouse
lines expressing the apoE4[R142C] mutant have been
generated and studied. These lines expressed the mutant
apok allele as well as their endogenous mouse apoE gene
(30-32). Some of the mouse lines produced a phenotype
characterized by mild hypercholesterolemia, hypertriglyc-
eridemia, and very high levels of plasma apoE (30). The
B-VLDL obtained from these mice was cleared at a signifi-
cantly slower rate than normal mouse VLDL (30).

Lipid and lipoprotein phenotype of E~/~ mice expressing
the apoE4[R142C] mutant

Here we studied the molecular etiology of the domi-
nant dyslipidemia caused by the apoE4[R142C] mutation
using adenovirus-mediated gene transfer in apoE /~
mice. The advantage of the adenovirus system is that

when the mutant protein is expressed in apoE_/_ mice, it
creates within a few days the phenotype expected of sub-
jects with homozygous defect in e4. Human subjects or
experimental animals homozygous for the R142C muta-
tion have not been studied previously. Our study provides
novel information about the lipid and lipoprotein abnor-
malities associated with the R142C substitution in
apoE4. The phenotype generated by expression of the
apoE4[R142C] mutant in apoE7/7 mice is much more
severe than in transgenic mice that also express the en-
dogenous apoE gene (30). The observed phenotype is
characterized by severe hypercholesterolemia and hyper-
triglyceridemia, reduced CE/TC ratio in different lipo-
protein fractions, formation of discoidal apoE-containing
HDL, very high plasma apoE levels, and accumulation of
apoE in the VLDL/IDL/LDL region. Abnormal lipid and
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microscopy.

lipoprotein phenotypes have been observed in mice as a
result of overexpression of the endogenous mouse apoE
(33). Thus the observed dyslipidemia in this study cannot
be attributed to abnormal interactions of the human
apoE with the mouse apolipoproteins. The phenotype
generated by apoE4[R142C] is dominant and persists
when the mutant and the WT apoE are co-expressed in
apoE_/_ mice.

Molecular etiology of apoE4[R142C] dyslipidemia

The accumulation of apoE in the VLDL/IDL/LDL re-
gion appears to create insufficiency for both LPL and
LCAT activity that can be transiently corrected by co-
expression of the mutant apoE and either LPL or LCAT.
The insufficiency in LCAT may be explained by fast ca-
tabolism by the kidney of LCAT bound to discoidal HDL
particles that are formed in the plasma of mice expressing
apoE4[R142C]. Accelerated catabolism of discoidal parti-
cles and reduction in LCAT activity has been observed in
subjects with apoA-I mutations (34, 35). As reported previ-
ously (36, 37), the insufficiency of LPL appears to result
from inhibition of this enzyme by apoE, which accumu-
lates in VLDL/IDL/LDL-size lipoprotein particles.

The LCAT treatment partially corrected the hypertri-
glyceridemia and generated spherical HDL particles, but it
did not correct the hypercholesterolemia. The LPL treat-
ment, on the other hand, partially corrected the plasma

54 Journal of Lipid Research Volume 52, 2011

cholesterol levels on day 1 postinfection and the triglycer-
ide levels on days 1-4 postinfection. The increased levels
of plasma LPL following gene transfer may promote lipo-
protein clearance both by increasing the rate of lipolysis
and exposing the receptor-binding domain of apok, as
well as by direct receptor-mediated clearance mechanisms
involving LPL (38, 39). Other studies have suggested that
excess of secreted apoE may partially displace the LPL
and/or apoClII and reduce the rate of lipoprotein triglyc-
eride lipolysis (40, 41). As observed in this study, the ability
of excess LPL to partially correct the dyslipidemia induced
by apoE4[R142C] suggests that the activity of LPL rather
than apoCII may be rate limiting for the clearance of
VLDL/IDL/LDL triglycerides. The increased apoE levels
are also associated with defective conversion from the dis-
coidal to spherical HDL.

Induction of dyslipidemia requires the C-terminal region
of apoE4[R142C]

ApoE contains N-terminal and C-terminal domains that
unfold independently (42, 43). The X-ray crystallography
of lipid-free apoE isoforms showed that apoE4 is more
compact than apoE3 due to differences in domain interac-
tions (44—46). It has been proposed that these interactions
may be at least partially responsible for the preferential
association of apoE4 with VLDL (25, 45-47) and the con-
tribution of apoE4 to Alzheimer’s disease (48).
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We recently showed that defective recognition of apoE-
containing lipoproteins, either due to mutations in apoE
or deficiency in the LDL receptor, may increase the sensi-
tivity and severity of hypertriglyceridemia (49). The same
study also showed that the LDL receptor alone can ac-
count for the clearance of apoE-containing lipoprotein
remnants in mice and that the contribution of the other
members of the LDL-receptor family and heparan sulfate
proteoglycans (HSPG) may be limited (49).

ApoE4[R142C]-induced dyslipidemia could be the re-
sult of altered recognition of the receptor binding domain
of the mutant protein by the LDL receptor, as reported
previously (13). Alternatively, it could be the result of un-
favorable interactions between the N- and C-terminal do-
mains that shield the receptor-binding domain of apoE.
Or it could be a combination of both. Our data indicate
that full-length apoE4[R142C], despite its abundance
in plasma, cannot promote receptor-mediated clearance
of apoE-containing lipoproteins in vivo. This finding sug-
gests that the amino terminal portion of the full-length
apoE4[R142C] bound to lipoprotein particles assumes a
configuration that masks its receptor-binding domain.

The contribution of the C-terminal region of
apoE4[R142C] to the induction of dyslipidemia was ad-
dressed by gene transfer experiments using the truncated
apoE4[R142C]-202 form that extends from residue 1 to
202. The present study showed that, in contrast to the full-
length mutant protein, high levels of expression of the
truncated apoE4[R142C]-202 form partially corrected the
high cholesterol levels of apoFf/ ~ mice without induction
of hypertriglyceridemia, indicating that it does not inhibit
lipolysis and promotes clearance of the lipoprotein rem-
nants. These findings are consistent with previous studies
involving other truncated apoE forms (50). They are also
consistent with the previously reported LDL receptor-
binding ability of proteoliposomes containing truncated
apoE-184 or apoE-191 (51). Expression of the truncated
apoE4[R142C]-202 form in apoE_/_ mice resulted in in-
creased levels of free cholesterol in the VLDL and forma-
tion of a shoulder of cholesterol spanning the IDL/LDL/
HDL2 region compared with the truncated wild-type form.
This finding explains the partial clearance of cholesterol
observed in E /" mice on days 2—4 postinfection with high
doses of the adenoviruses expressing apoE4[R142C]-202
observed (Fig. 7A, B). A common property of the mutant
and WT truncated apoE-202 forms is that, at high levels of
expression, they also inhibited the esterification of the
cholesterol in all lipoprotein fractions and promoted for-
mation of discoidal HDL.

Combined with previous studies, our data indicate that
the dyslipidemia induced by E4[R142C] in mice and pos-
sibly human patients carrying this mutation is most likely
brought about by an altered conformation of the mutant
protein bound to the VLDL/IDL/LDL particles that im-
pedes the clearance of triglyceride-rich lipoproteins. The
accumulation of apoE in VLDL/LDL/IDL appears to alter
the functions of LPL and LCAT, cause hypertriglyceri-
demia, prevent lipoprotein clearance, and inhibit the mat-
uration of the discoidal into spherical HDL particles.

These defects can be transiently corrected by co-expres-
sion of apoE4[R142C] with LPL or LCAT. Removal of the
carboxy terminal segment of the mutant protein promotes
partial clearance of lipoprotein remnants and does not in-
duce hypertriglyceridemia. il
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