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LDL receptor binds newly synthesized apoE
In macrophages: a precursor pool for apoE secretion
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Abstract There appear to be multiple post-translational
sites for regulation of macrophage apolipoprotein (apo)E
secretion, including the presence of a distinct cell surface
pool of apoE. Cell surface proteoglycans have been shown
to be involved in forming this pool. The current studies
were designed to investigate the role of an additional cell
surface site, i.e., the low density lipoprotein (LDL) recep-
tor. Antiserum to the LDL receptor displaced apoE from
the macrophage cell surface and into the medium during a
4°C incubation from apoE-expressing J774 cells, from pro-
teoglycan-depleted apoE-expressing J774 cells, and from
human monocyte-derived macrophages. Similar results were
obtained when purified monoclonal antibody to the LDL re-
ceptor was added to human monocyte-derived macro-
phages. J774 cells transfected to express an LDL receptor
binding-defective mutant of apoE did not show a similar re-
sponse to addition of LDL receptor antibody. Studies were
conducted in which cells were pulse labeled for 30 min, fol-
lowed by various periods of chase at 4°C or 37°C in the pres-
ence or absence of LDL receptor antibody. The results of
these studies indicated that nascent macrophage-derived
apoE binds to the LDL receptor, and that this apoE served
as a precursor pool for apoE released into the medium.gR
These studies establish a role for the LDL receptor in form-
ing the cell surface pool of apoE and, along with data re-
garding the importance of proteoglycans, indicate that cell
surface binding sites for nascent macrophage-derived apoE
are heterogeneous. The heterogeneity of such sites could
have implication for the size and turnover of this cell sur-
face pool.—Zhao, Y., and T. Mazzone. LDL receptor binds
newly synthesized apoE in macrophages: a precursor pool
for apoE secretion. J. Lipid Res. 1999. 40: 1029-1035.
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Macrophage-derived apoE appears to have an important
atheroprotective role when expressed in the vessel wall (1-
6); and much of the vessel wall apoE is found in association
with macrophages (7). There appear to be important post-
transcriptional and post-translational loci for regulation of
apoE secretion by macrophages (8-13). A significant por-
tion of apoE synthesized by macrophages is never secreted
and undergoes rapid cellular degradation (9), and the dis-
tribution of apoE between secretory and degradation path-

ways is subject to regulation by the intracellular sterol mi-
lieu (12). Whether apoE has an intracellular function, or
exists in a discrete intracellular pool separate from the
secretory pathway, is not yet completely clear. However,
there does appear to be a distinct cell surface pool of mac-
rophage apoE which has been identified in human mono-
cyte-derived macrophages and in J774 cells transfected to
express human apoE (10, 14, 15). Involvement of cell sur-
face proteoglycans in the formation of the macrophage cell
surface pool of apoE has been clearly established (10, 14,
15). However, additional cell surface binding sites present
on macrophages that can bind apoE must also be consid-
ered. One of these is the LDL receptor, which is expressed
in human monocyte-derived macrophages and in several
macrophage cell lines including the J774 macrophage line
(16, 17). The ability of apoE derived from lipoproteins to
bind to the LDL receptor has been clearly demonstrated
(18). However, binding activity is conformation-dependent
and, specifically, depends on association with lipid, the size
of the lipid particle, and the number of apoE molecules per
particle (18). To evaluate a potential role for the macroph-
age LDL receptor in the cell surface sequestration of en-
dogenously synthesized macrophage apoE, we utilized the
J774 macrophage model transfected to express an amount
of human apoE similar to that produced by human mono-
cyte-derived macrophages. Our studies clearly show a role
for the macrophage LDL receptor in establishing the cell
surface pool of apoE, and further indicate that the apoE
bound to the cell surface LDL receptor can serve as a pre-
cursor for secreted apoE.

METHODS

Materials

The polyclonal rabbit antisera to the LDL receptor was prepared
as previously described (19, 20). When added to [?*S]methionine-

Abbreviations: FCS, fetal calf serum; LDL, low density lipoprotein:
apo, apolipoprotein; BSA, bovine serum albumin; BDX, 4-methylum-
belliferyl-B-d-xyloside.
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labeled lysates of J774 cells, or in Western blots of unlabeled cell ly-
sates, this antibody recognizes a unique protein that migrates at the
molecular weight of the LDL receptor. Purified monoclonal anti-
body (IgGC7) to the LDL receptor (21) and purified monoclonal
antibody to human cardiac myoglobin (used as an antibody control)
were purchased from American Research Products (Belmont, MA).
Ascites fluid containing a monoclonal antibody to the LDL receptor
binding site of apoE (1D7) was purchased from the University of Ot-
tawa Heart Institute (22). The antibody was purified on protein G
Sepharose by standard methods. [35S] methionine was purchased
from Amersham Co. (Arlington Heights, IL). The goat-derived anti-
human apoE antisera was obtained from International Immunology
Co. (Murrieta, CA). All tissue culture reagents were obtained from
Gibco (Grand Island, NY). All other materials were from previ-
ously described sources (8-12, 14).

J774 macrophages and human
monocyte-derived macrophages

Mouse J774 macrophage cells stably transfected to express a
human apoE3 cDNA have been previously described in detail
(9). Under standard growth conditions, these cells secrete ap-
proximately 900 ng of apoE/mg cell protein over 24 h, which is
an amount similar to that produced by mature human monocyte-
derived macrophages in culture (15). These cells were main-
tained in selection medium containing DMEM with 10% FCS,
and 0.5 mg/ml neomycin at 37°C in 5% CO,. One week prior to
initiation of experiments, the selection medium was replaced by
10% FCS in DMEM. Freshly isolated human monocytes were pu-
rified by elutriation, and were >94% pure as previously described
(23). After differentiation to macrophages for 4 days in 10%
pooled human AB serum and 20% FCS, the cells were utilized for
experiments. J774 cells transfected to express an LDL receptor
binding-defective mutant apoE were generated using transfec-
tion protocols previously described (9). The mutant apoE was
produced by polymerase chain reaction-based mutagenesis using
standard molecular biology techniques (24). In this mutant
apoE, arginine 145 is changed to cysteine. The decreased bind-
ing to the LDL receptor for this form of mutant apoE has been
previously characterized (18, 25). For some experiments, cells
were depleted of proteoglycans by previously described tech-
niques (10).

Immunoprecipitation of apoE from
medium and cell lysates

ApoOE was quantitatively immunoprecipitated from macroph-
age cell lysates and macrophage cell culture medium by methods
previously described in detail (9). In each experiment, immunopre-
cipitations were started using equal numbers of trichloroacetic acid-
precipitable counts. Therefore, changes in apoE synthesis and se-
cretion are already corrected for changes in total protein synthe-
sis and secretion. For experiments, macrophages were seeded in
6-well plates at 2 million cells per well until approximately 95%
confluent before starting the labeling incubations. After immu-
noprecipitation, the apoE-antibody complex was separated on
SDS polyacrylamide gels, and the radioactive signal present in
apoE was detected and quantified using a Molecular Dynamics
Phosphorimager with ImageQuant Software. The results are ex-
pressed in cpm scanning units. Statistical comparisons for signifi
cance were performed using the non-paired two-tailed Student’s
t-test; a value of P < 0.05 was considered significant.

RESULTS

We have previously identified a cell surface pool of
apoE bound to cell surface proteoglycans (10). ApoE can
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Fig. 1. Effect of LDL receptor antiserum on apoE released from
the cell surface of apoE expressing J774 macrophages. ApoE-
expressing J774 cells were seeded in 6-well plates, and grown as
described in Methods. The cells were labeled by incubation with 100
wCi/ml of [35S] methionine in medium containing 5 pm cold
methionine for 5 h. After washing the cell monolayer, the cells were
incubated for an additional 2 h at 4°C with DMEM containing 0.1%
BSA, with LDL receptor antisera (squares) or nonimmune serum
(circles) at the indicated concentrations (5-20 wl/ml). At the end
of the 2-h incubation period, cell media were harvested for quanti-
tation of apoE. Values shown are mean of duplicate samples.

also, when in the proper conformation, bind to the LDL
receptor (18). This receptor is expressed in macrophages,
including human monocyte-derived macrophages and vari-
ous macrophage cell lines. We, therefore, evaluated the role
of the macrophage cell surface LDL receptor in the bind-
ing of endogenously synthesized apoE. Figure 1 shows the
results of an experiment in which apoE-expressing J774
cells were labeled for 5 h with radioactive methionine at
37°C, and then incubated for 2 h at 4°C in the presence of
increasing concentrations of nonimmune serum, or a poly-
clonal antibody to the LDL receptor. After the 2-h incuba-
tion at 4°C, the media were harvested for quantitative immu-
noprecipitation of apoE. As shown, inclusion of the LDL
receptor antisera produced a concentration-dependent
increase in apoE released into the medium. The nonim-
mune serum was without substantial effect compared to the
BSA control. We used the LDL receptor antiserum and
nonimmune serum at 20 pl/ml in future experiments.
We next confirmed these results using human mono-
cyte-derived macrophages. In these cells (Fig. 2) the addi-
tion of the LDL receptor antisera at 4°C significantly re-
duced the amount of apoE in the cell lysate (by 30%), and
significantly increased that released into the medium (by
50%). In Fig. 3, this experiment was repeated using a pu-
rified monoclonal antibody previously shown to recognize
the ligand binding domain of the LDL receptor (21). In-
clusion of the monoclonal antibody to the LDL receptor
led to a significant increase in apoE released into the me-
dium (by 57%), and a significant reduction in cell mono-
layer apoE (by 18%). The addition of the control anti-
body (to human cardiac myoglobin) had no effect on
apoE in the cell monolayer or medium compared to BSA
alone. The results in Figs. 1-3 show that an antibody to
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Fig. 2. Effect of LDL receptor antiserum on apoE released from
the cell surface of human monocyte-derived macrophages. Human
monocytes were seeded in 6-well plates and differentiated in the
presence of 10% pooled human serum and 20% fetal bovine serum
for 4 days. After washing, the cells were labeled by incubation at
37°C for 5 h with 200 n.Ci/Zml of [35S] methionine in medium con-
taining 2.5 wm cold methionine. After washing the cell monolayer,
the cells were incubated at 4°C for 2 h in medium containing 0.1%
BSA, and either 20 wl/ml of LDL receptor antisera (AS) or nonim-
mune serum (NS). The media (panel A) and cells (panel B) were
then harvested for quantitation of apoE. Values shown are mean =
SD from triplicate samples. The difference between AS vs. NS in the
cell monolayer is significant at P < 0.05; and in medium at P < 0.01.

the LDL receptor (monoclonal or polyclonal antisera)
can displace apoE from the macrophage cell surface into
the medium during a 4°C incubation. Additional experi-
ments were performed to corroborate this conclusion.
First, incubation of apoE-expressing J774 cells with acety-
lated LDL, in order to down-regulate LDL receptor pro-
tein expression, eliminated the ability of the polyclonal
antisera to displace apoE from the cell surface during 4°C
incubations (not shown). We also used a monoclonal anti-
body directed to an epitope of the apoE particle (amino
acids 143-150) previously identified as important for
binding to the LDL receptor protein (22). Incubation
with this antibody also significantly released apoE from
the cell monolayer during 4°C incubations. Finally, we
evaluated the apoE-LDL receptor interaction using cells
which express a mutant apoE, previously shown to be de-
fective in binding to the LDL receptor, i.e., a mutant in
which arginine 145 is changed to cysteine. Addition of
LDL receptor antiserum to J774 macrophage cells ex-
pressing this LDL receptor binding-defective apoE mu-
tant produced no change in the cell or medium content
of apoE (Fig. 4). In addition to confirming the conclusion
from the above experiments, these results also provided
evidence that the interaction between apoE and the LDL
receptor, which is disrupted by the LDL receptor antisera,
is a direct one.

The issue of direct versus indirect interaction between
apoE and the LDL receptor was next evaluated by examin-
ing a potential role of cell surface proteoglycans in partic-
ipating in the LDL receptor/apoE interaction. This was of
interest because of the important role played by cell sur-
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Fig. 3. Effect of monoclonal antibody to the LDL receptor on
apoE released from the cell surface of human monocyte-derived
macrophages. Human monocytes were seeded, differentiated, and
labeled as described to the legend in Fig. 2. After washing the cell
monolayer, the cells were incubated at 4°C for 2 h in medium con-
taining 0.1% BSA with or without 12.5 wg/ml of purified mono-
clonal antibody to the LDL receptor (IgGC7) or 12.5 png/ml of pu-
rified monoclonal antibody to human cardiac myoglobin (control).
The cells and medium were then harvested for quantitation of
apoE as described in Methods. Values shown are the mean = SD
from quadruplicate samples. Panel A shows results of apoE from
the medium. Panel B shows results of apoE from the cell mono-
layer. The difference between IgGC7 vs. the 1gG control in the me-
dium and in the cells are each significant at P < 0.01.

face proteoglycans in enhancing the interaction of apoE-
containing lipoproteins with another cell surface receptor;
the LDL receptor-related protein (26). For the experi-
ment shown in Fig. 5, we compared the results of the addi-
tion of LDL receptor antisera, or nonimmune serum, to
cells in which cell surface proteoglycans were intact (la-
beled +PG), or to cells in which cell surface proteogly-
cans had been reduced by preincubation in DX and treat-
ment with heparinase (labeled —PG). The addition of
LDL receptor antisera to proteoglycan-replete cells pro-
duced a 77% increase in the medium content of apoE at
4°C. After depletion of proteoglycans, the addition of the
LDL receptor antisera produced a 68% increase in me-
dium content of apoE. Thus, the increase of apoE re-
leased from the cell surface by the antisera is similar
whether cells are proteoglycan-replete or depleted. This
result indicated that binding of the nascent apoE particle
to the LDL receptor is not influenced by the presence of
cell surface proteoglycans.

The above results, indicating that LDL receptors on the
surface of macrophages can bind endogenously synthe-
sized apoE, raised a question regarding the fate of apoE
bound to the cell surface at this site. In addition, because
of the long labeling period (5 h) used in the above exper-
iments, it is unclear how rapidly newly synthesized apoE is
bound to cell surface LDL receptors. In order to address
these issues, we performed a series of pulse/chase experi-
ments, and the results of representative experiments are
shown in Figs. 6 and 7. For the experiment shown in Fig.
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Fig. 4. Effect of LDL receptor antisera on the release of mutant
apoE from the macrophage cell surface. J774 macrophages trans-
fected with an LDL receptor binding-defective mutant form of
apoE were grown as described in the legend to Fig. 1. Cells were la-
beled for 5 h with 100 nCi/ml of [3°S] methionine in medium con-
taining 5 wm cold methionine. After washing, cells were incubated
for an additional 2 h at 4°C with 20 wl/ml of LDL receptor antisera
(AS) or nonimmune serum (NS). At the end of that time, media
and cells were harvested for quantitation of apoE. Values shown are
mean = SD from triplicate samples. There are no significant differ-
ences between experimental conditions.

6, cells were pulse-labeled for 30 min. and then rapidly
cooled to 4°C for a 2-h incubation with LDL receptor anti-
sera or nonimmune serum. At the end of that time, the
cells were washed and placed in chase medium already at
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Fig. 5. Effect of LDL receptor antiserum on release of apoE in
proteoglycan-depleted cells. ApoE-expressing J774 cells were
seeded and grown as described in the legend to Fig. 1. Some cul-
tures were depleted of proteoglycans by incubation for 48 h in 1
mm of BDX (designated as —PG). Cells were then labeled for 5 h
with [35S]methionine as described in the legend to Fig. 1. After the
labeling period, cells that had been preincubated in BDX were in-
cubated in freshly made heparinase (4 U/ml) for 1 h at 37°C. The
monolayers were then washed extensively, and incubated at 4°C for
2 h in medium containing 0.1% BSA and 20 wl/ml of nonimmune
serum (NS) or LDL receptor antiserum (AS). At the end of 2 h, me-
dium was collected and apoE was quantitated. The values shown
are the mean = SD from triplicate samples. The difference be-
tween +PG/NS vs. +PG/AS is significant at P < 0.01. The differ-
ence between —PG/NS vs. —PG/AS is also significant at P < 0.01.
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Fig. 6. Effect of preincubation in LDL receptor antiserum on the
subsequent release of newly synthesized apoE from macrophages.
ApoE-expressing J774 cells were seeded in 6-well plates as described
in Fig. 1. Cells were labeled with medium containing 200 nCi/ml of
[35S] methionine at 37°C for 30 min. At the end of that time, cells
were washed with PBS at 4°C and subsequently incubated for an ad-
ditional 2 h at 4°C with DMEM containing 0.1% BSA with either 20
wl/ml of LDL receptor antisera (AS) or nonimmune serum (NS).
At the end of 2 h, cells were washed and placed at 37°C in chase me-
dium that contained 0.1% BSA and DMEM with 500 pwm unlabeled
methionine but no antiserum. Cells were then incubated at 37°C
for an additional 30 or 60 min as indicated. At the end of the chase
period, media were recovered for quantitation of apoE. Values
shown are mean *+ SD from triplicate samples. The differences be-
tween NS-30 vs. AS-30 are significant at P < 0.01 and that between
NS-60 vs. AS-60 at P < 0.01.

37°C for an additional 30 min or 60 min. The chase me-
dium contained only BSA and excess unlabeled methion-
ine, but no antibody. During this 30-min chase, signifi-
cantly less apoE was released from the cells that had been
preincubated in the LDL receptor antisera, compared to
cells that had been preincubated at 4°C with nonimmune
serum. This result suggested that a portion of the apoE re-
moved from the cell surface during the 4°C incubation
was likely destined for secretion. Moreover, between 30
and 60 min, more apoE continued to be released from the
cells preincubated with nonimmune serum than from
cells preincubated at 4°C with the LDL receptor antisera.
This is consistent with the explanation that nascent la-
beled apoE present inside the cell at the end of the 2 h in-
cubation at 4°C was not released into the medium but was
sequestered at LDL receptor binding sites made available
by the release of apoE from these sites during the preincu-
bation in LDL receptor antisera.

This issue was further evaluated by performing a similar
experiment in which we also included LDL receptor anti-
body during the chase. The results of this experiment are
shown in Fig. 7. Cells were pulse-labeled for 30 min and
then incubated for 2 h with or without LDL receptor anti-
sera at 4°C. At the end of that time, cells were placed in
chase medium at 37°C with or without LDL receptor anti-
sera for an additional 45-min chase period before harvest-
ing the medium for quantitation of apoE. The effect of in-
cluding the antisera only during the 4°C preincubation is
shown by comparing the first two bars (NS/NS vs. AS/
NS), and are completely consistent with the results shown
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Fig. 7. Pulse/chase evaluation of the amount of newly synthe-
sized apoE bound at the macrophage cell surface LDL receptor.
ApoE-expressing J774 cells were grown and labeled as described in
the legend to Fig. 6. After labeling, cells were incubated for 2 h at
4°C as described in the legend to Fig. 6 in the presence of 20 pl/ml
of antisera (AS) or nonimmune serum (NS) as indicated. At the
end of the 4°C incubation, cells were chased at 37°C in 01.% BSA
with 500 wm cold methionine in the presence of 20 wl/ml LDL
receptor antisera (AS) or non-immune serum (NS) for 45 min as
indicated. At the end of this chase time, the media were harvested
for quantitation of apoE. Values shown are mean = SD from tripli-
cate samples. The difference between NS/NS vs. AS/NS is signifi-
cant at P < 0.01; that between AS/NS vs. AS/AS is significantat P <
0.005.

in Fig. 6. When LDL receptor antibody is included both in
the 4°C preincubation and in the chase incubation at
37°C, the amount released during the 45-min chase is sig-
nificantly greater than when antibody is present only dur-
ing the 4°C preincubation (compare AS/NS vs. AS/AS).
This indicates that the decreased apoE secretion observed
in the AS/NS experimental condition was due to enhanced
sequestration of nascent apoE by the LDL receptor during
the chase. The last bar in this figure shows the result of in-
cluding the antisera only during the chase incubation.
The most apoE is released from cells treated in this man-
ner because no apoE was lost during the 2-h preincuba-
tion at 4°C, and apoE binding to the LDL receptor was
blocked during the 45-min chase.

DISCUSSION

A cell surface pool of apoE has been shown to be
present in a variety of cell types, including hepatocytes,
adrenal cells, and macrophages (10, 14, 15, 27-29). With
respect to macrophages, the cell surface pool was first
demonstrated in the J774 macrophage cell line that was
transfected to express human apoE (10). Proteoglycans
were identified as contributing to the formation of this
pool, and it was further shown that cell surface apoE
could be displaced by addition of phospholipid vesicles. A
proteoglycan-associated cell surface pool of apoE has also
been demonstrated in human monocyte-derived mac-
rophages (14, 15). Interestingly, the study of human
monocyte-derived macrophages that express the E2, E3,

or E4 isoform of apoE produced results indicating that
these naturally occurring mutations of apoE influence
the size of the cell surface pool of apoE (15). In these stud-
ies, it was also demonstrated that the addition of sura-
min could displace apoE from the macrophage surface
(15).

Multiple sites need to be considered for maintaining
the cell surface pool of apoE in macrophages. Proteogly-
cans are involved based on studies using inhibitors of pro-
teoglycan synthesis and sulfation or treatment with en-
zymes that degrade extracellular proteoglycans (e.g.,
heparinase) (10, 14, 15). However, there are other cell
surface sites expressed in macrophages that can bind
apoE. One of these is the LDL receptor. Expression of this
receptor has been clearly demonstrated in macrophage
cell lines, including the J774 cell line, and in human
monocyte-derived macrophages (16, 17). It is also of inter-
est that the LDL receptor is highly expressed in hon-mac-
rophage cells that make abundant apoE and that express
a significant apokE cell surface pool; i.e., hepatocytes and
steroidogenic cells.

The binding of purified apoE to the LDL receptor has
been studied in detail (18). This binding is conformation-
dependent and, specifically, depends on association with
lipid, the size of the apoE-lipid particle, and the number
of apoE molecules per particle. The receptor binding site
for apoE has been ascribed, predominantly, to amino ac-
ids 136-150 by mutational analysis and monoclonal anti-
body mapping. ApoE does not bind with high affinity to
the LDL receptor in the lipid-free state. Our results indi-
cate, that there is significant binding of macrophage-
derived apoE to the LDL receptor within 30-60 min after
it is synthesized. This suggests that newly synthesized apoE
becomes associated with lipid and is in the proper confor-
mation for LDL receptor binding either prior to, coinci-
dent with, or very soon after arriving at the plasma mem-
brane. Further, after demonstrating significant binding of
newly synthesized apoE to the LDL receptor, our initial
prediction was that apoE thus bound would be rapidly re-
turned to the cell for degradation. While our results do
not exclude such a path for a portion of the nascent apoE
bound to the LDL receptor, they clearly indicate that
some of this apoE will be secreted.

The involvement of the LDL receptor in modulating
the secretion of macrophage apoE may change during
evolution of the atherosclerotic plaque lesion. Such an in-
teraction may be more important during the early infiltra-
tion and differentiation of monocyte-macrophages in the
vessel wall compared to terminally differentiated foam
cells in which LDL receptor expression would be low. The
latter circumstance could represent an adaptation to max-
imize apoE secretion by eliminating expression of one of
its cell surface binding sites. In addition, the presence of
other physiologic ligands for the LDL receptor (e.g., LDL
or remnant particles) could modulate the role of the
LDL receptor in sequestering newly synthesized apoE.
Characteristics for these competing interactions at the
LDL receptor of the macrophage would depend not only
on the abundance of each ligand, but on the effective
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concentration at the cell surface and relative affinities of
each potential ligand.

We have interpreted the results of our pulse/chase
studies as demonstrating the binding of nascent apoE to
the macrophage LDL receptor. While our results clearly
indicate that the binding of newly synthesized apoE oc-
curs very soon after apok is synthesized, they cannot rule
out a very rapid release and re-uptake of apoE which may
occur in the pericellular space. It is interesting to specu-
late based on the results in Figs. 6 and 7, however, that
LDL receptor binding sites on the cell surface must
reach a threshold of occupancy before apoE will be re-
leased from the macrophage cell surface into the me-
dium. How newly synthesized apoE is released from the
cell surface LDL receptor and into the medium prior to
endocytosis will require further investigation. The con-
centration of apoE at the cell surface may reach a suffi-
cient level such that the equilibrium shifts to favor re-
lease. Alternatively, the apoE particle bound at the cell
surface may be remodeled, perhaps by changes in lipid
content, and this results in a modified apoE conforma-
tion with less affinity for the LDL receptor. The newly
synthesized nascent apoE particle would then have
higher affinity and displace the more mature and remod-
eled apoE particle from the LDL receptor.

Cell surface apoE in the macrophage could represent
a metabolically distinct pool of apoE. Furthermore, apoE
bound to different cell surface sites could be metaboli-
cally heterogeneous. Differential regulation of specific
apokE cell surface binding sites could, therefore, alter the
size and/or turnover of the cell surface pool of apoE,
even separate from any changes in macrophage apoE
synthesis. Differences have already been shown to exist
in the capacity of the various naturally occurring apoE
isoforms to form a cell surface pool in the macrophage
(15), and we have already demonstrated the importance
of this cell surface pool for HDL; binding to the mac-
rophage (14). Modulation of the size and turnover of the
cell surface pool of apoE in macrophages could have im-
portant implications for the metabolism of other lipo-
proteins by macrophages, as well as the interaction of
macrophages with other cells or with cell-derived matrix
components. il

This work was supported by grants HL 39653 and HL 59489
from the NIH (to TM). The authors thank Stephanie Thomp-
son for help with preparing the manuscript.

Manuscript received 28 May 1998, in revised form 7 December 1998, and in re-
revised form 12 February 1999.

REFERENCES

1. Mazzone, T. 1996. Apolipoprotein E secretion by macrophages:
its potential physiological functions. Curr. Opin. Lipid. 7: 303-
307.

2. Linton, M. F, J. B. Atkinson, and S. Fazio. 1995. Prevention of ath-
erosclerosis in apolipoprotein E-deficient mice by bone marrow
transplantation. Science. 267: 1034-1037.

3. Boisvert, W. A., J. Spangenberg, and L. K. Curtiss. 1995. Treat-

1034 Journal of Lipid Research Volume 40, 1999

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

ment of severe hypercholesterolemia in apolipoprotein E-defi-
cient mice by bone marrow transplantation. J. Clin. Invest. 96:
1118-1124.

Shimano, H., J. Ohsuga, M. Shimada, Y. Namba, T. Gotoda, K.
Harada, M. Katsuki, Y. Yazaki, and N. Yamada. 1995. Inhibition
of diet-induced atheroma formation in transgenic mice express-
ing apolipoprotein E in the arterial wall. J. Clin Invest. 95: 469—
476.

Bellosta, S., R. W. Mahley, D. A. Sanan, J. Murata, D. L. Newland,
J. M. Taylor, and R. E. Pitas. 1995. Macrophage-specific expression
of human apolipoprotein E reduces atherosclerosis in hypercho-
lesterolemic apolipoprotein E-null mice. J. Clin. Invest. 96: 2170-
2179.

Fazio, S., V. R. Babaey, A. B. Murray, A. H. Hasty, K. J. Carter, L. A.
Gleaves, J. B. Atkinson, and M. F. Linton. 1997. Increased athero-
sclerosis in mice reconstituted with apolipoprotein E null mac-
rophages. Proc. Natl. Acad. Sci. USA. 94: 4647-4652.

Rosenfeld, M. E., S. Butler, V. A. Ord, B. A. Lipton, C. A. Dyer,
L. K. Curtiss, W. Palinski, and J. L. Witztum. 1993. Abundant ex-
pression of apoprotein E by macrophages in human and rabbit
atherosclerotic lesions. Arterioscler. Thromb. 13: 1382-1389.
Basheeruddin, K., C. Rechtoris, and T. Mazzone. 1992. Transcrip-
tional and post-transcriptional control of apolipoprotein E gene
expression in differentiating human monocytes. J. Biol. Chem. 267:
1219-1224.

Mazzone, T., L. Pustelnikas, and C. A. Reardon. 1992. Post-transla-
tional regulation of macrophage apoprotein E production. J. Biol.
Chem. 267: 1081-1087.

Lucas, M., and T. Mazzone. 1996. Cell surface proteoglycans mod-
ulate net synthesis and secretion of macrophage apoE. J. Biol.
Chem. 271: 13454-13460.

Lucas, M., P-H. Iverius, D. Strickland, and T. Mazzone. 1997. Lipo-
protein lipase reduces secretion of apolipoprotein E from mac-
rophages. J. Biol. Chem. 272: 13000-13005.

Duan, H., C-Y. Lin, and T. Mazzone. 1997. Degradation of mac-
rophage apoE in a non-lysosomal compartment. Regulation by ste-
rols. J. Biol. Chem. 272: 31156-31162.

Dory, L. 1993. Post-transcriptional regulation of apolipoprotein E
expression in mouse macrophages by phorbol ester. Biochem. J.
292: 105-111.

Lin, C-Y., M. Lucas, and T. Mazzone. 1998. Endogenous apoE ex-
pression modulates HDL3 binding to macrophages. J. Lipid Res.
39:293-301.

Cullen, P, A. Cignarella, B. Brennhausen, S. Mohr, G. Assmann,
and A. von Eckardstein. 1998. Phenotype-dependent differences
in apolipoprotein E metabolism and in cholesterol homeostasis in
human monocyte-derived macrophages. J. Clin. Invest. 101: 1670-
1677.

Tabas, I., G. C. Boykow, and A. R. Tall. 1987. Foam cell-forming
J774 macrophages have markedly elevated acyl coenzyme A:
cholesterol acyltransferase activity compared with mouse perito-
neal macrophages in the presence of low density lipoprotein
(LDL) despite similar LDL receptor activity. J. Clin. Invest. 79:
418-426.

Fogelman, A. M., M. M. Hokoma, M. E. Haberland, R. D. Tanaka,
and P. A. Edwards. 1982. Lipoprotein regulation of cholesterol me-
tabolism in macrophages derived from human monocytes. J. Biol.
Chem. 257: 14081-14086.

Weisgraber, K. H. 1994. Apoliprotein E: structure-function rela-
tionships. Adv. Protein Chem. 45: 249-295.

Mazzone, T., K. Basheeruddin, L. Ping, S. Frazer, and G. S. Getz.
1989. Mechanism of the growth-related activation of the LDL re-
ceptor pathway. J. Biol. Chem. 264: 1787-1792.

Mazzone, T., K. Basheeruddin, L. Ping, and C. Schick. 1990. Regu-
lation of growth and sterol-related regulatory pathways for LDL re-
ceptor gene expression. J. Biol. Chem. 265: 5145-5149.

Beisiegel, U., W. J. Schneider, J. L. Goldstein, R. G. W. Anderson,
and M. S. Brown. 1981. Monoclonal antibodies to the low density
lipoprotein receptor as probes for study of receptor-mediated en-
docytosis and the genetics of familial hypercholesterolemia. J. Biol.
Chem. 256: 11923-11931.

Raffai, R., R. Maurice, K. Weisgraber, T. Innerarity, X. Wang, R.
MacKenzie, T. Hirama, D. Watson, E. Rassart, and R. Milne. 1995.
Molecular characterization of two monoclonal antibodies specific
for the LDL receptor-binding site of human apolipoprotein E. J.
Lipid Res. 36: 1905-1918.

Duan, H., Z. Li, and T. Mazzone. 1995. Tumor necrosis factor-o

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

24.

25.

26.

modulates monocyte/macrophage apoprotein E gene expression.
J. Clin Invest. 96: 915-922.

Current Protocols in Molecular Biology. 1998. F. M. Ausubel, R.
Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. N. Smith, and K.
Striehl, editors. Wiley Interscience Publishers, New York. 8.5.1-8.5.9.

Rall, S. C., K. H. Weisgraber, T. L Innerarity, and R. W. Mahley.
1982. Structural basis for receptor binding heterogeneity of apo-
lipoprotein E from type Ill hyperlipoproteinemic subjects. Proc.
Natl. Acad. Sci. USA. 79: 4696-4700.

Zhong-Sheng, J., W. J. Brecht, R. D. Miranda, M. M. Hussain,
T. L. Innerarity, and R. W. Mahley. 1993. Role of heparan sulfate
proteoglycans in the binding and uptake of apolipoprotein E-

Zhao and Mazzone

27.

28.

29.

enriched remnant lipoproteins by cultured cells. J. Biol. Chem.
268: 10160-10167.

Williams, D. L, J. S. Wong, S. L. Wissig, and R. L. Hamilton. 1995.
Cell surface “blanket” of apolipoprotein E on rat adrenocortical
cells. J. Lipid Res. 36: 745-758.

Lilly-Stauderman, M., T. L. Brown, A. Balasubramaniam, and J. A. K.
Harmony. 1993. Heparin releases newly synthesized cell surface-
associated apolipoprotein E from HepG2 cells. J. Lipid Res. 34:
190-200.

Leblond, L., and Y. L. Marcel. 1993. Uptake of high density lipo-
protein cholesterol ester by HepG2 cells involves apolipoprotein E
localized on the cell surface. J. Biol. Chem. 268: 1670-1676.

LDL receptor binds newly synthesized apoE 1035

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

