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Abstract Apolipoprotein J (apo]) is a unique glycoprotein
thought to be involved in a variety of physiclogical processes, in-
cluding lipid transport, regulation of complement function,
sperm maturation, programmed cell death, and membrane
recycling. In the plasma, apo] is associated with apoA-I in high
and very high density lipoproteins. In this report we demon-
strate that HepG2 human heptocellular carcinoma cells secrete
apo] in association with a significant amount of lipid, providing
unequivocal evidence that apo] can transport lipids. The
HepG2 cell line has provided important clues about the struc-
tural organization of nascent lipoprotein particles. HepG2 cell
apoJ-containing lipoproteins are dense and heterogenous in size,
ranging from 100 to 910 kDa. Plasma and HepG2 cell apo]-
lipoproteins differ in size distribution. Both have a2 elec-
trophoretic mobility, although their average mobilities differ wi-
thin the &2 region. In contrast to plasma apoJ-HDL which con-
tain little triglyceride and which can associate with apoA-I,
HepG2 cell apo]-lipoproteins are rich in triglyceride and lack
apoA-1. By implication, nascent apqg]-lipoproteins undergo
plasma remodeling that results in triglyceride depletion and
apoA-I association. Bl We propose that the metabolic conse-
quences of this remodeling play an important role in lipid
homeostasis in localized tissue environments, particularly where
organs are isolated from the blood by cellular barriers such as
in testis and brain. In such tissues, apo] is expressed constitutively
in high level compared to other lipid transport proteins.—
Burkey, B. F., W. D. Stuart, and J. A. K. Harmony. Hepatic
apolipoprotein J is secreted as a lipoprotein. J. Lipid Res. 1992.
33: 1517-1526.
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Apolipoprotein J (apo]), recently discovered (1-3) in
human plasma in association with discrete but minor sub-
classes of high and very high density lipoproteins (HDL,
VHDL), may link lipid metabolism and homeostasis with
the immune response. The presence of apg] in HDL im-
plies a role of apa] in lipoprotein metabolism. In addition
to its association with lipoproteins, apo] has been isolated
from human plasma in association with soluble complexes
of the terminal complement cascade components, C5b-9
(4). Its association with C5b-9 complexes implies a role in
complement function and, in fact, apo] is a potent inhibi-

tor of complement-mediated cell lysis in vitro by interact-
ing with C5b-7 to prevent activation of C8 and C9 (5, 6).

Potential roles in both lipid metabolism and comple-
ment function are substantiated by structural considera-
tions. ApoJ and known apolipoproteins have in common
the predicted amphipathic helices that are important in
protein-lipid interactions (7, 8). Human apo] has three
such domains, one in Jo and two in J8 (7). These do-
mains are not, however, homologous with the 22-mer
repeat that constitutes the amphipathic helices of mem-
bers of the apolipoprotein gene family (9). Unlike other
apolipoproteins but similar to certain coagulation and
complement proteins, apo] circulates as a disulfide-linked
heterodimer for which the subunits, Jo and J8, are
produced by proteolytic cleavage of the apo] precursor (7,
8, 10). Each apo] subunit is glycosylated via Asn, and car-
bohydrate accounts for 30% of the molecular mass.
Moreover, apo] shares some homology with complement
components C7, C8, and C9, specifically within a Cys-
rich motif in Jo (residues 75-98) (11).

Plasma apo]-lipoproteins are spherical particles (1, 2)
that have a bimodal distribution within HDL, and
HDL;+VHDIL classes in the density range 1.16-1.25 g/ml
(1). The apoJ-containing species are relatively poor in
lipid: protein makes up 78-89%, and lipid 11-22% of the
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lipoprotein mass (1, 2). Of the lipids, phospholipid and
cholesterol predominate; triglyceride accounts for about
1% of apo]-HDL lipid (1, 2). The major proteins are apo]
and apoA-I; the mole ratio of apgJ:apoA-I present in
affinity-purified apoJ-HDL is 5:1 (12). The apoA-I as-
sociated with apo] represents only 2-4% of the total
apoA-I in plasma (1, 2) and is tightly associated with apo],
requiring nonionic detergents for dissociation (2).

The origin of blood apo]-HDL, present at ~10 mg/dl
(11, 13), is not known. The relatively high abundance of
apo] mRNA in hepatocytes (7) combined with the large
size of the liver predict that the liver, rather than other or-
gans that also express apo] mRNA (7), is the source of the
circulating pool of apg]. Given apoJ’s homology to both
apolipoproteins and complement components, it is im-
portant to determine if the protein is secreted in associa-
tion with lipid, as other apolipoproteins, or if it binds
lipids after secretion, as other complement components.
To address these alternatives, we used human hepatocellu-
lar carcinoma HepG2 cells (10) to compare the newly
secreted apq] species with apg]-HDL isolated from hu-
man plasma. Our results demonstrate that apof is
secreted by HepG2 cells as a lipoprotein. The secreted
apg]-lipoproteins are heterogeneous particles that have an
average lipid composition significantly different from that
of plasma apoJ-HDL. Moreover, apoA-I is not associated
with the secreted apo]-lipoproteins, implying indepen-
dent pathways of apo] and apoA-I secretion. Taken
together, the data suggest that nascent apo]-lipoproteins
undergo remodeling to apo]-HDL upon entering the cir-
culation.

EXPERIMENTAL PROCEDURES

Cell culture

The human hepatoblastoma-derived cell line, HepG2,
was obtained from the American Type Culture Collection
(ATCC, Rockville, MD). Cells were grown in Eagle’s
minimal essential medium (MEM, Whittiker Bi-
oproducts, Walkersville, MD) supplemented with 10% fe-
tal bovine serum (FBS, Hazelton, Lenexa, KS) and 4
mM L-glutamine (Sigma Chemical Co., St. Louis, MO)
at 37°C in a humidified incubator with 5% CQO,-95% air
in 75-cm? tissue culture flasks (Costar, Cambridge, MA).
For passage, cells were harvested with 0.25% trypsin and
reseeded at a density of 3 x 108 per flask. Experiments
were initiated when cell monolayers became 90%
confluent.

Metabolic labeling of cell protein and lipid

Newly synthesized HepG2 cell proteins were metaboli-
cally labeled with 500 uCi of [*3S]methionine (<1,200
Ci/mmol, Amersham, Arlington Heights, IL} in 4.5 ml of
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medium as previously described (10). Culture medium,
maintained at 4°C, was centrifuged at 2000 ¢ for 15 min
to remove cellular debris. HepG2 cell lipids were labeled
by the incorporation of [!*CJacetate (56 mCi/mmol,
Amersham) into hydrocarbon chains and sterol groups.
Cell monolayers were washed twice with serum-free
MEM, then incubated for 18 h in 6 ml of serum-free
MEM containing 80 mM bovine serum albumin (BSA).
The medium was replaced with fresh medium containing
7.5 pCi of [*C]lacetate per ml. After 6 h the culture
medium was collected, cell debris was removed by cen-
trifugation at 2000 g for 15 min, and the labeled lipids
were analyzed. For analysis of lipid and protein mass,
parallel cultures were established in the absence of radi-
oisotope.

Analysis of secreted proteins

Secreted HepG2 cell proteins were analyzed by
molecular exclusion chromatography, agarose electropho-
resis, and gradient gel electrophoresis (GGE). For
molecular exclusion chromatography, culture medium (2
ml) from [338]methionine-labeled (6 h) cells was immedi-
ately fractionated on a Bio-Gel A5-m column (110 x 1
cm, Bio-Rad, Rockville Centre, NY), equilibrated, and
eluted at 0.28 ml/min with plasma density buffer (PDB,
10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
Na,EDTA, and 0.02% NaN,). The column was calibrated
with very low density lipoproteins (VLDL, d 1.006-1.019
g/ml), dextran blue 2,000 (Pharmacia, Piscataway, NJ),
thyroglobulin (Sigma), BSA (Sigma), and phenol red
(Sigma). Fractions of 1.8 ml were collected and analyzed
for total protein, apgf, and apoA-I. Total protein was
precipitated from 50 ul of sample adjusted to 10% trich-
loroacetic acid (TCA, Sigma). Protein pellets were
washed at 4°C in acetone, then resuspended in 200 ul of
sample buffer (20 mM Tris-HCI, pH 6.8, 2% SDS, 10%
sucrose, 4 M urea, and 2 mM Na,EDTA) by heating to
60°C for 2 h with occasional vortexing. ApoJ and apoA-1
were immunoprecipitated from 2.5 ml and 0.5 ml of
pooled column fractions, respectively, and analyzed as
previously described (10).

For agarose electrophoresis, HepG2 cell-conditioned
medium was concentrated 50-fold to a protein concentra-
tion of 20-30 mg/ml by ultrafiltration (Amicon, Beverly,
MA). To obtain human plasma, blood (1 ml) from healthy
fasted male donors was collected into 2 mM EDTA and
immediately transferred to a microfuge tube containing
preservatives and protease inhibitors (10 pug/ml of
a2-macroglobulin, 0.01% NaN,, 1 mM benzamidine,
and 25 KU/ml aprotinin). After centrifugation at 4°C to
remove red blood cells, phenylmethanesulfonyl fluoride
(PMSF, final concentration, 1 mM) was added. HepG2
cell-conditioned medium or plasma was loaded onto a 1%
agarose gel (Ciba Corning Diagnostics Corp., Palo Alto,

2102 ‘2T aung uo “sanb Aq 610 Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

CA). Electrophoresis was performed at 10°C in 50 mM
barbital buffer, pH 8.6, containing 1 mM Na,EDTA in a
Bio-Rad flatbed electrophoresis apparatus operated at
200 v until the marker dye, bromophenol blue, had
migrated 4 cm (about 30 min). Proteins were transferred
to PVDF paper (Bio-Rad) by press-blotting for 1 h. The
blot was incubated overnight with primary antibodies in
BLOTTO (14). Protein was stained with 0.2% Coomassie
brilliant blue (CBB). Apo] was visualized with rabbit an-
tiapaJB (10), diluted 1/500, followed by goat anti-rabbit
IgG conjugated to horseradish peroxidase (HRP), diluted
1/4000; apoA-1, with sheep antiapoA-I-HRP (The Bind-
ing Site, San Diego, CA), diluted 1/3000.

For GGE (15), plasma or concentrated HepG2 cell-
conditioned medium was applied to a 4-30% precast
polyacrylamide gel (Pharmacia LLKB), and the gradient
gels were electrophoresed in Tris-borate buffer at 6°C for
1800 v-h. Gels were soaked for 2 h in blotting buffer con-
taining 0.5% SDS, rinsed for 5 min in blotting buffer, and
transblotted at 200 mA constant current onto PDVF
paper (Bio-Rad) for 21 h at 4°C. The blots were tem-
porarily stained with Ponceau S and native standards
were marked. Apg] and apoA-I were visualized as
described above. Apparent molecular weights were deter-
mined, based on a standard curve generated by plotting
log (molecular weight) versus migration distance of the
native standards. Vézina et al. (16) have reported that
GGE conditions similar to these underestimate the sizes
of lipoprotein particles.

Affinity isolation of apoJ-lipoproteins

Monoclonal antibody mAbll, specific for apg], was
covalently attached to AffiGel (1) and the resulting 2-ml
column was used to purify apo]J from plasma and HepG2
cell-conditioned medium. Freshly drawn human plasma
(5 ml, diluted 1:3 with phosphate-buffered saline) contain-
ing protease inhibitors (25 kallikrein units/ml of aproti-
nin, 1 mM benzamidine, 1 mM PMSF, and 0.02% NaN,)
or HepG2 cell-conditioned medium (10 m! obtained from
cells labeled for 6 h with [33S]methionine) was applied to
the immunoaffinity column. Unbound proteins were
washed from the column with 300 bed-volumes of PDB.
Bound proteins were eluted with 10 bed-volumes of 1 M
acetic acid, dialyzed into 10 mM NHHCO,, and con-
centrated by ultrafiltration (Amicon). Proteins were
resolved on a 10% acrylamide gel containing SDS, and
visualized with CBB or radioautography, as appropriate.

Immunoprecipitation of nascent HepG2 cell
lipoproteins

Apolipoproteins secreted by HepG?2 cells, cultured with
[3*S]methionine or [!*C]acetate, were isolated by non-
denaturing immunoprecipitation. One ml of medium was
incubated at 4°C overnight (gentle rocking) with protein
A-AffiGel (15 pl) and primary antibody: antiapoA-l, an-

tiapoE, antiapoJ@, or antia-1-antichymotrypsin (ACT,
Calbiochem, San Francisco, CA). The protein A-Affigel-
antibody complexes were pelleted by centrifugation for 2
min at low speed, and the pellets were washed twice with
PDB, transferred to new microfuge tubes, and washed
three more times with PDB. Proteins were resolved by
SDS-PAGE, visualized by autoradiography, and quanti-
tated. Lipids were analyzed as described below.

Analysis of lipoprotein lipids

The [*CJacetate-labeled lipids associated with immuno-
precipitated proteins were extracted and separated by
thin-layer chromatography (TLC). The protein A-AffiGel
immunoprecipitates were transferred to 13 x 100 mm
screw-cap glass tubes (Teflon caps) and resuspended in
400 pl of PDB. Lipids were extracted with 2 ml of chloro-
form-methanol 2:1 (v/v), and the aqueous phases were ex-
tracted with 2 ml of chloroform-methanol 2:1 (v/v). The
solvent phases were combined, washed once with 1 ml of
H,O, then dried at 37°C under a stream of nitrogen and
resuspended in 200 pl of chloroform-methanol 9:1 (v/v).
Lipids were resolved on silica gel G plastic-backed TLC
plates in a solvent system of heptane-diethyl ether-acetic
acid 85:15:1 (v/v) and visualized by iodine vapor. Bands
corresponding to authentic lipid standards (Sigma) were
excised and their radioactivity was determined by scintil-
lation counting in 10 ml of scintillation fluid (4a20,
Research Products International, Mt. Prospect, IL).

Cholesterol and triglycerides were determined chemi-
cally by enzymatic methods on an Hitachi 737 (17}, using
serum calibrators provided by the CDC. Phospholipid
was quantitated by the method of Bartlett (18).

Density ultracentrifugation

HepG?2 cells were labeled for 6 h with [3*S]methionine,
and the culture medium was collected and centrifuged at
2,000 g for 15 min to remove cellular debris. Two ml of
medium, raised to a density of 1.25 g/ml with solid KBr,
was layered under 2.5 ml of 1.25 g/ml PDB-KBr in a poly-
propylene centrifuge tube, and centrifuged for 24 h at
45,000 rpm in a Beckman 50.3Ti rotor. The tube was
sliced, and fractions corresponding to the upper one third
and the lower two thirds were collected. Each fraction was
dialyzed against PDB and stored at 4°C for immuno-
precipitation of apq].

RESULTS

HepG2 apo] is secreted as high molecular weight
species

To determine the sizes of apo] and/or apoJ-containing
macromolecular complexes secreted by HepG2 cells, cul-
ture medium from [**S]methionine-labeled HepG2 cells
was analyzed by molecular exclusion chromatography.

Burkey, Stuart, and Harmony Hepatic apo] is secreted as a lipoprotein 1519
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The elution profile of total secreted HepG2 cell protein,
precipitated from column fractions by TCA, is shown in
Fig. 1 (square symbols). Most of the radiolabeled pro-
teins eluted in fractions 35-45, corresponding to 20-167
kDa; the remainder eluted in fractions 24-34, cor-
responding to 167-2100 kDa. The elution profiles of apo]
(A) and apoA-I (O), determined by immunoprecipita-
tion, were compared. ApoA-I eluted with two distinct size
distributions: large species in fractions 32-38 (110-390
kDa) and smaller species in fractions 38-44 (31-110 kDa).
These results are consistent with findings of Cheung and
Albers (19) who defined two similar size ranges for HepG2
cell HDL by using nondenaturing GGE and electron
microscopy (EM). In contrast to apoA-I, apo] eluted as a
single broad peak in fractions 28-38 (100-910 kDa), with
the majority in fractions 32-34 (250-400 kDa). Although
there was significant overlap in the elution profiles of
apoA-I and apo] (Fig. 1, insert), much of the apo] was as-
sociated with particles larger than those containing the
majority of the apoA-L

HepG2 cell apo]- and apoA-I-containing species were
also evaluated by nondenaturing GGE followed by im-

munostaining (Fig. 2). The predominant apoA-I-
containing species secreted by HepG2 cells were < 70
kDa, with less abundant species of 100-400 kDa. The ap-
parent sizes of HepG2 cell apoA-I-containing species de-
termined by GGE agreed reasonably well with those de-
termined by molecular exclusion chromatography. GGE
has been reported to underestimate the sizes of
lipoprotein particles (16). Secreted HepG2 cell apoA-I-
containing species had a size distribution by GGE that
was different from that of plasma apoA-I-containing spe-
cies which were predominantly 100-300 kDa. HepG2 cell
apo] was distributed between 100-1000 kDa, with the
majority concentrated between 240-300 kDa and
450-650 kDa, also in agreement with the results obtained
by molecular exclusion chromatography. The size distri-
bution of HepG2 cell and human plasma apo] contrasted
markedly, however. The majority of plasma apo] was
70-90 kDa with very minor higher molecular weight spe-
cies of 250 and 500 kDa. This range of molecular weights
of plasma apo]-lipoproteins is similar to that reported
previously (1), except that the predominant species are
smaller. Apo]-lipoproteins in plasma increase in apparent

|
(8,0) (O)

1 \
4— 40 Fraction

ApoJ
ApoAI

20

(cpm x 1073
N
|

[25S]Met Incorporated into Protein

|
15 25

35 45 55

Fraction Number

kDa— 5000 1700 600

200 70 25 10

Fig. 1. ApoJ-containing species secreted by HepG2 cells are 100-900 kDa, based on molecular exclusion chromatography. Cell-conditioned
medium was chromatographed on a Bio-Gel A5-m column, and 1.8-ml fractions were collected. The elution profile for total [**S]methionine-labeled
protein (-0J-) was determined by TCA precipitation. Apo] (-A-) and apoA-I (-O-) were immunoprecipitated and analyzed by SDS-PAGE followed

by autoradiography (insert). The column was calibrated as indicated.
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Fig. 2. HepG2 cell apoJ-containing species are larger and more heter-
ogeneous than plasma apoJ-containing species. Proteins from HepG2
cell medium (24 h) (H) and from human plasma (P), 200 ug per lane,
were resolved on a 4-30% nondenaturing gel. Albumin, lactate de-
hydrogenase, catalase, ferritin, and thyroglobulin were the molecular
mass standards; their kDa values are shown at the right. The proteins
were electroblotted onto nitrocellulose and incubated with antiapo] or
antiapoA-I antibodies as described in Experimental Procedures.

size with even brief (e.g., 24 h) plasma storage (12).
HepG2 cell apo] and apoA-I overlapped, particularly in
the 100-400 kDa range, in agreement with molecular ex-
clusion chromatographic results.

The electrophoretic mobilities of HepG2 cell and
plasma apoJ and apoA-I were compared by agarose elec-
trophoresis, and the results are shown in Fig. 3. Although
a minor fraction of HepG2 cell apoA-I migrated to the «
position, typical of plasma apoA-I, the majority was preg.
Both HepG2 cell and plasma apoJ had electrophoretic
mobilities in the a2 region, although HepG2 cell apo]
migrated slightly behind the a2 position of plasma apo]
but ahead of the pref position of HepG2 cell apoA-I.
There was overlap between the leading edge of the HepG2
cell apoA-I and the trailing edge of the apo].

Immunoaffinity-purified HepG2 apo] is not associated
with apoA-I

The overlap of HepG2 cell apo] and apoA-I that oc-
curred after three different separation procedures sup-
ports the possibility that HepG2 cells can secrete particles
comprised of both apo] and apoA-I that may be compara-
ble in macromolecular structure to that of plasma
apoJ/apoA-I-lipoproteins (1-3). To examine this possibil-
ity further, we asked if apoA-I were associated with apo]

ApoJ ApoAl

H P H P
Q-
1—>
2= . .
33— - -
4 —
5—>

+ +

Fig. 3. HepG2 cell apo] and human plasma apo] have similar elec-
trophoretic properties. Plasma (P, 2 ul-120 ug) or concentrated HepG2
cell-conditioned medium (H, 2 ul-46 ug) was analyzed by agarose clec-
trophoresis as described in Experimental Procedures. Protein was trans-
ferred to PVDF paper by press blotting. Apo] and apoA-I were visualized
by immunostaining, as outlined in Experimental Procedures. Major plas-
ma proteins were identified by CBB staining (48): 0 = margin,
1 = fibrinogen, 2 = transferrin (8, mobility), 3 = a2-macroglobulins,
4 = al-antitrypsin, 5 = albumin.

isolated from HepG2 cell medium by immunoaffinity
chromatography, using an apoJ-specific antibody (1). The
protein composition (Fig. 4) of the eluate fraction (lane 1)
was compared by SDS-PAGE, under reducing conditions,
to that obtained by immunoaffinity chromatography of
human plasma (lane 2). The small molecular mass differ-
ence between HepG2 cell and human plasma apoJ a and

- "y

10—

84— ' -~— ApoJ
a7— 08
&
ApoJ — .
-— ApoJ
33— ¥
2 —poar

16— ——

Fig. 4. ApoA-l is associated with apo] immunoaffinity-purified from
human plasma but not from HepG2 cell-conditioned medium. Apo] was
isolated by immunoaffinity chromatography from [**S]methionine-
labeled HepG2 cell culture medium (lane 1) or from human plasma
(lane 2) as described in Experimental Procedures. Proteins were resolved
by SDS-PAGE (11% acrylamide), the gel was cut and proteins were
visualized by either autoradiography (lane 1) or CBB staining (lane 2).
The positions of apoJ and apoAl are indicated at the right; the molecular
mass markers in kDa, at the left.
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B subunits, present in the 35-45 kDa region (lane 1 vs. 2),
is likely the result of a difference in carbohydrate content
(10). ApoJ immunoaffinity-purified from human plasma
was associated with apoA-I, as reported previously (1). In
contrast, eluate obtained from HepG2 cell medium con-
tained only apo] with no detectable apoA-I present. Even
after long exposure of the gel to X-ray film, there was no
detectable apoA-I.

The absence of apoA-I from apo] preparations im-
munoaffinity-purified from HepG2 cell-conditioned
medium was unexpected. To evaluate the possibility of an
apoJ-apoA-I interaction by an alternative method, a non-
denaturing immunoprecipitation protocol was developed.
The protein compositions of macromolecular complexes
secreted by HepG2 cells, isolated on the basis of their
apoE, apoA-I, or apo], were compared by SDS-PAGE un-
der reducing conditions (Fig. 5). To validate the system,
we confirmed that the HepG2 cells secreted apoA-I-
lipoproteins that also contain apoE. Antiserum specific
for apoA-I (lane 5) immunoprecipitated both apoA-I and
apoE; moreover, antiserum specific for apoE (lane 4) im-
munoprecipitated apoA-I in addition to apoE. The mole
ratio of apoA-I:apoE in the HepG2 cell apoA-I-containing
lipoproteins isolated by nondenaturing immunoprecipita-
tion was 10:1, a result that agreed well with the 7:1 ratio
reported by Cheung et al. (20). In contrast to the associa-
tion of apoA-I with apoE in HepG2 cell HDL, im-
munoprecipitated apoJ-containing species contained an

123456

LCELEE

»

10— .-s—

84— "w-

- ~—ACT
47—

. ' : «—ApoJ

= fgn N

33—
24— * ‘ | ==Aponl

16— ——

Fig. 5. Secreted HepG2 cell apo] is not associated with apoA-I or
apoE. [**S]Methionine-labeled proteins were isolated from HepG2 cell-
conditioned medium by nondenaturing immunoprecipitation, and ana-
lyzed by SDS-PAGE under reducing conditions. The antisera used to
isolate the proteins were: lane 1, secondary control protein A-AffiGel

alone; lane 2, preimmune control; lane 3, antiapo]; lane 4, antiapoE; -

lane 5, antiapoA-I; and lane 6, antiACT. The resolved proteins, visual-
ized by autoradiography, were isolated from 1 ml of medium, except for
ACT which was isolated from 0.5 ml. Positions corresponding to apo],
apoA-l, apoE, and ACT are indicated at the right; molecular mass mar-
kers in kDa, at the left.
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insignificant amount of apoA-I (Fig. 5, lane 3), although
HepG2 cells secreted apoA-I in 25-fold molar excess of
apo]. The minor amount of apoA-lI in apo] im-
munoprecipitates was attributed to nonspecific binding of
apoA-I to the secondary antibody. Similar amounts of
[3*S]apoA-I were evident in the secondary antibody con-
trol (lane 1) and in the immunoprecipitate of
a-1-antichymotrypsin (ACT) (lane 6), a protein that is not
associated with lipoproteins. The length of time that
HepG2 cells were incubated with [**S]methionine did not
influence the results: no apoA-I was specifically im-
munoprecipitated with apo] isolated from 2-, 6-, or 24-h
culture medium.

Lipids are associated with HepG2 cell apo]

To determine whether apo] secreted by HepG2 cells is
complexed with lipid, HepG2 cells were cultured with
[*C)acetate (21) to label cellular lipids prior to isolation
of apo]. Lipids associated with apo] were evaluated rela-
tive to those associated with apoE and apoA-I, and to
those associated with the control protein, ACT. Lipids,
extracted from immunoprecipitates, were separated by
TLC and values of each major lipid class were determined
as dpm of lipid per fmol of immunoprecipitated protein.

The negative control, ACT, had very little associated
lipid, and the values were considered to represent back-
ground. ApoA-I and apoE were both associated with
lipid. ApoE was complexed with the highest amount of
lipid, with triglyceride (7,600 dpm/fmol) and phos-
pholipid (5,000 dpm/fmol) predominating over
cholesterol (3,100 dpm/fmol) and cholesteryl ester (1,400
dpm/fmol). ApoA-I was complexed with only minor
amounts of lipid: 500 dpm triglyceride, 800 dpm phos-
pholipid, 300 dpm cholesterol, and 150 dpm cholesteryl
ester per fmol of protein. ApoJ was associated with
significant  triglyceride (2,800 dpm), unesterified
cholesterol (1,900 dpm), and phospholipid (1,300 dpm),
and a minor amount of cholesteryl ester (600 dpm) per
fmol. Based on radioactivity, the quantities of lipids as-
sociated per mol of apo] were approximately one-third of
those associated with apoE and 2-6 times greater than
those associated with apoA-I. Based on the specific ac-
tivity of secreted phospholipid, total cholesterol, and
triglyceride, the approximate molar lipid composition of
the immunoprecipitated lipoproteins was calculated (Ta-
ble 1). The lipid composition of HepG2 cell apoA-I-
lipoproteins (54 mol of phospholipid, 29 of cholesterol,
and 17 of triglyceride per mol of apoA-I) was in reasona-
ble agreement with that reported by Cheung et al. (20).

The significant amount of lipid associated with apo]
secreted by HepG2 cells and the size heterogeneity of the
secreted product predict that the apoJ-containing particle
would have a range of buoyant densities, a prediction
tested by density ultracentrifugation. Cell-conditioned
medium was centrifuged at density 1.25 g/ml, the density
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TABLE 1. Lipid composition of HepG2 cell lipoproteins isolated
by immunoprecipitation

Protein

Precipitated Phospholipid Cholesterol Triglyceride
mol lipid/mol protein

ACT 24 13 16

ApoE 1391 368 464

ApoA-l 223 34 29

Apo) 367 233 179

The lipid composition of medium conditioned by HepG2 cells and the
radioactivity of each lipid class was determined, as outlined in Experimental
Procedures. Based on the specific activity of secreted lipid, the molar com-
position of lipids associated with each immunoprecipitated protein was
calculated.

that separates typical plasma lipoproteins from poorly
lipidated and nonlipidated proteins. The d < 1.25 and d
> 1.25 g/ml fractions were analyzed for apo] by im-
munoprecipitation under denaturing conditions. As is
evident in Fig. 6, only the d > 1.25 g/ml fraction con-
tained HepG2 cell apo].

Apo]-lipoproteins were substantially enriched in
triglyceride, relative to that associated with apoA-I-
lipoproteins. In an attempt to determine whether the
triglyceride content of HepG2 cell apo]J-HDL is respon-
sive to cellular triglyceride content, HepG2 cells were fed
oleic acid (0.8 mM, associated with 0.16 mM BSA) in the
presence of tritiated glycerol. There was a 6.3-fold in-
crease in the amount and a 36-fold increase in the radi-
oactivity of intracellular triglyceride which was not ac-
companied by a significant change in the content or
radioactivity of cholesterol. There was, however, a modest
40% increase in phospholipid content. In spite of the
large increase in triglyceride, there was no consequent
effect on the total amount of triglyceride secreted over a
6-h period: 24% and 4.6% increase in mass and radioac-
tivity, respectively. Nor was there an increase in phos-
pholipid or cholesterol secretion. The amount of triglycer-
ide associated with immunoprecipitated apoJ, apoE,
apoA-I, and apoB was also unchanged. Thus, HepG2
cells did not provide information about the possibility that
the amount of apoJ-associated triglyceride is responsive to
the size of the cellular triglyceride pool. Although the use-
fulness of HepG2 cells in studies of triglyceride-loading
and lipoprotein secretion is indicated (21-24), our results
are consistent with those of other investigators (25, 26).

DISCUSSION

Apo] mRNA is present in moderate-high abundance in
liver as well as in most other tissues, notably brain,
stomach, testis, ovary, kidney, heart, spleen, and thymus

(7, 8). However, the gene does not appear to be expressed
in the adult intestine or lung (7). The broad tissue distri-
bution of apo] expression, coupled to the low levels of
lipids associated with apo] in the circulation (1-3), raise
the possibility that, in spite of its amphipathic domains (7,
27), apo]’s primary function may not be lipid transport.
ApoJ and its homologs are thought to participate in bio-
logical functions other than lipid transport and comple-
ment regulation (Table 2). Apo] is particularly abundant
in the male reproductive tract where it is secreted by tes-
ticular Sertoli cells and epididymal epithelium (28). In ro-
dents, apo] becomes bound to the heads and distal tails
of spermatozoa, suggesting its participation in sperm
maturation (28, 29). ApoJ can also bind to membranes of
other cells, notably adrenal chromaffin cells (30) and
erythrocytes (31), where it has been implicated in the
processes of membrane retrieval (32) and cell-cell associa-
tion, respectively. In addition, apo] is up-regulated in tis-
sues undergoing programmed cell death and degenera-
tion (33).

In light of the diversity of functions proposed for apo],
the results of our work reported here are significant. They
establish the lipoprotein nature of apo] secreted by
HepG2 cells, and provide support for a role of apo] in
lipid transport. Although a long-term line of hepatocellu-
lar carcinoma origin, HepG2 cells have served as an im-
portant model in delineating the processes responsible for
the production and post-translational processing of liver-
specific proteins, and for the regulation of these processes
(10, 34, 35). This is particularly true of apolipoprotein
secretion (22-26, 36). Based on an analysis of HepG2 cell

1 3
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33—
24—
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Fig. 6. HepG2 cell apo]-lipoproteins have hydrated densities >1.25
g/ml. HepG2 cells were labeled with [**S]methionine for 6 h and
lipoproteins were isolated from cell-conditioned medium by continuous
centrifugation at d 1.25 g/ml. ApoJ was immunoprecipitated from the d
<1.25 g/ml top fraction (lane 1) and the d >1.25 g/ml bottom fraction
(lane 2). Preimmune serum was used as a control with the d > 1.25 g/ml
bottom fraction (lane 3).
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TABLE 2.

Apo] homologs

Name Species Comments References
Apolipoprotein ] human HDLassociated protein 1
NA1/NA2 human HDL-associated protein 3
SP-40,40,CLI human complement cell lysis inhibitor 4, 11, 41
TRPM-2 rat programmed cell death 33, 42
SGP-2, DAG rat reproductive tract; Sertoli cell secretory protein 28, 43
$45-835 rat sperm binding protein 44
Clusterin ram cellular aggregation 31, 45
gp80 dog MDCK apical secretory protein 46
Glycoprotein III cow adrenal medullary chromaffin granule secretory protein 30, 32, 47

apo], we conclude that apo] is a secreted lipid transport
protein associated with all of the major lipid classes that
characterize other plasma lipoproteins: phospholipid, un-
esterified and esterified cholesterol, and triglyceride. The
amount of lipid associated with HepG2 cell apo]-
lipoproteins is greater than that of apoA-I-lipoproteins
but less than that of apoE-lipoproteins.

Apo]-lipoproteins secreted by HepG2 cells share
properties with those circulating in the blood, although
there are notable differences. Both HepG2 cell and
plasma apoJ-lipoproteins are dense (>1.25 g/ml)
lipoproteins when analyzed by density ultracentrifuga-
tion. The low lipid content of plasma apo]-HDL is consis-
tent with its high hydrated density; however, the high den-
sity of HepG2 cell apq]-lipoproteins was unexpected. It is
possible that nascent apo]-lipoproteins are unstable when
exposed to concentrated salt solution and/or subjected to
ultracentrifugation. While heterogeneity is typical of
plasma apo]-lipoproteins (1), HepG2 cell apo]-
lipoproteins show even greater size diversity. When sub-
jected to molecular exclusion chromatography, both
plasma (2, 3) and HepG2 cell apoJ-containing species
elute in a broad peak at the leading edge of plasma HDL.
However, within this 100-910 kDa range the majority of
HepG2 cell apo]-lipoproteins are considerably larger than
plasma apoJ-HDL. In addition, while HepG2 cell apo]-
containing species and plasma apoJ-HDL both have o2
electrophoretic mobility, the average HepG2 cell species
have reduced electrophoretic mobility. Plasma and
HepG2 cell apo]-lipoproteins also differ in apolipoprotein
association. A fraction of plasma apg]-HDL have apoA-1
associated (1-3, 12) (1-3), whereas HepG2 cell apo]-
lipoproteins do not.

Apo]-lipoproteins secreted into the blood may circulate
without further modification. Alternatively, they may be
secreted as species quite different in macromolecular
structure and composition from those in plasma, and be
converted to the plasma species by plasma enzymes
and/or lipid transfer proteins. The differences in overall
size and in lipid: protein ratios between HepG2 cell and

1524 Journal of Lipid Research Volume 33, 1992

plasma apo]-lipoproteins suggest that HepG?2 cells secrete
“nascent” apo]-lipoproteins that lose lipid, particularly
triglyceride, and accumulate apoA-I as they circulate. Al-
ternatively, circulating lipoproteins comprised of both
apo] and apoA-I may be derived from tissues other than
the liver. Consistent with the concept of apo]-lipoprotein
remodeling is the finding that purified apo], added to
apo]-deficient plasma, binds apoA-I (12). We therefore
propose that metabolic remodeling of nascent apo]-
lipoproteins occurs and requires plasma components for
apaJ/apoA-I-HDL to be formed. This hypothesis is based
on the absence of an apoJ-apoA-I interaction in HepG2
cell medium, in spite of the opportunity for apoJ to bind
apoA-I. ApoA-1 and apo] have similar rates of production
and secretion by HepG2 cells (10). Moreover, apoA-I is
present in the cell-conditioned medium at a level 25 times
that of apg]. There is precedent for the model of post-
secretion interaction of apoA-I with apo]. For example,
little apoA-IV and lecithin:cholesterol acyltransferase
(LCAT) are associated with nascent apoA-I-containing
lipoproteins secreted by HepG2 cells (20), yet both pro-
teins are associated with apoA-I-containing HDL in
plasma (37, 38).

The role of apo]-lipoproteins in whole body lipid
metabolism and homeostasis is unknown at present. The
possibility that apo] may bind apoA-I after entering the
circulation leads to speculation about the circumstances
of an interaction between them. The apoA-I that binds to
apo]-lipoproteins may be lipid-deficient apoA-I derived
from several sources:; secreted from hepatocytes or shed
from triglyceride-rich lipoproteins as a consequence of
lipoprotein lipase (LPL)- or hepatic triglyceride lipase
(HTGL)-mediated triglyceride metabolism (39, 40). This
latter potential source is intriguing in light of the positive
correlation between plasma triglyceride and apo] levels
(13). Since high levels of triglyceride-rich lipoproteins and
increased lipolysis can result in a rise in the level of lipid-
deficient apoA-I, apo] may serve as a “sink” for apoA-I
shed from these lipoproteins. The associated apoA-I has
the potential to alter the half-life of apo]-lipoproteins in
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the circulation by stabilizing them or by blocking their
uptake and clearance, with a consequent increase in apoJ
levels.

Although the lipid compositions of plasma apo]-HDL
and nascent HepG2 apo]-lipoproteins are similar in that
both contain significant phospholipid and cholesterol,
HepG2 cell apo]-lipoproteins contain significantly more
triglyceride. HepG2 cell apo]-lipoproteins secreted over a
period of 6 h have a phospholipid:triglyceride ratio (2:1),
similar to that of apoE-lipoproteins (3:1) but significantly
greater than that of apoA-I-containing lipoproteins
(7-8:1). Taken together, these findings suggest that apo] is
secreted by the liver as a triglyceride-rich lipoprotein that
is transformed during circulation to a triglyceride-poor
species. The corollary of this suggestion is the prediction
that the triglyceride in nascent apoJ-lipoproteins is a sub-
strate for LPL, HTGL, and/or cholesteryl ester transfer
protein (CETP).

HDL are a heterogenous class of lipoproteins whose
roles in lipid and lipoprotein metabolism are not fully un-
derstood. Different HDL subclasses can have distinct
physiologic functions, e.g., acceptors of unesterified
cholesterol from extrahepatic tissue, modulators of LCAT
activity, donors and acceptors of neutral lipids transferred
by CETP, or sources of HDL-cholesterol for liver or
steroidogenic tissues. Even less well understood are the
origins and metabolic pathways of the various HDL sub-
classes. ApoJ defines a new subclass of HDL that may be
involved in such diverse processes as immunoregulation,
programmed cell death, spermatogenesis, and neu-
rodegeneration. ApoJ’s basic lipid transport function may
underlie its capacity to participate in these processes. The
integration of potential apo] functions with its wide tissue
distribution and the complete elucidation of its macro-
molecular structure will aid in developing an understand-
ing of the role of apg] within and external to the plasma
compartment. Clearly, the liver is an important source of
circulating apo]-HDL. A comparison of HepG2 cell apq]-
lipoproteins with apo] secreted by tissues other than the
liver should provide evidence in support of or contradic-
tory to the importance of a basic localized lipid transport
function of apo] in all tissues in which it is expressed. i
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