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SUMMARY: The purpose of this study was to identify the apolipoprotein
A-containing lipoprotein particles produced by HepG2 cells. The apolipopro-
tein A-containing lipoproteins separated from apolipoprotein B-containing
lipoproteins by affinity chromatography of culture medium on concanavalin A
were fractionated on an immunosorber with monoclonal antibodies to apolipo-
protein A-II. The retained fraction contained apolipoproteins A-I, A-II and
E, while the unretained fraction contained apolipoproteins A-I and E. Roth
fractions were characterized by free cholesterol as the major and triglyc-
erides and cholesterol esters as the minor neutral lipids. Further
chromatography of both fractions on an immunosorber with monoclonal antibodies
to apolipoprotein A-I showed that 1) apolipoprotein A-II only occurs in
association with apolipoprotein A-I, 2) apolipoprotein A-IV is only present as
part of a separate lipoprotein family (lipoprotein A-IV), and 3) apolipopro-
tein E-enriched lipoprotein A-I:A-II and lipoprotein A-I are the main
apolipoprotein A-containing lipoproteins secreted by HepG2 cells. © 1989 academic

Press, Inc.

A number of studies have shown that apolipoprotein A-I (ApoA-I) and
apolipoprotein B (ApoB) occur as major protein constituents of several,
distinct lipoprotein families differentiated on the basis of their apolipo-
protein composition (1,2). The major ApoB-containing lipoproteins include
lipoprotein B (LP~B), lipoprotein B:E (LP-B:E), lipoprotein B:C:E (LP-B:C:E)
and lipoprotein B:C (LP-B:C) (1-3), whereas major ApoA-I-containing lipopro-
teins are lipoprotein A-I (LP-A-I) and lipoprotein A-I:A-I1 (LP-A-I:4-~I1)
(4-6). Some discrete lipoprotein particles may be secreted directly from the
liver and intestine and some may be generated within the plasma compartment
(7,8). To distinguish between these alternative routes, we have utilized
human hepatocarcinoma cell line, HepG2, as a model for studying the chemical

nature of human hepatic lipoproteins (9). We have shown previously that
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FBS, fetal bovine serum; SDS-PAGE, polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate; EDTA, ethylenediaminetetraacetic acid.
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polydisperse, triglyceride-rich LP-B and LP-B:E comprise two major ApoB-
containing lipoproteins secreted by HepG2 cells (9).

In this paper, we are presenting evidence that HepG2 cells secrete
apolipoprotein E (ApoE)-enriched LP-A-I and LP-A-I:A-II as the major, discrete
ApoA~I-containing lipoprotein families of characteristic neutral lipid
composition. Evidence is also presented that ApoA-IV occurs in the HepG2 cell
culture medium as a distinct lipoprotein, lipoprotein A-IV (LP-A-1V).

Preliminary results of this study have been reported in an abstract form (10).

MATERTALS AND METHODS

Cell culture. The human hepatocarcinoma HepG2 cells were obtained from
American Type Culture Collection (Rockville, MD). The cells were plated in
100 mm Falcon petri dishes (15 dishes/experiment) and grown in minimum
essential medium (MEM) (Grand Island Biological Co., Grand Island, NY)
supplemented with 2 mM glutamine, 1 mM sodium pyruvate, and 10% (v/v) fetal
bovine serum (FBS) at 37° in a 95% air, 5% CO; atmosphere as described
previously (9,11); the medium was changed every two days. After 4 days in
culture, when cells were near confluence, the maintenance medium was removed,
monolayers were washed twice with phosphate-buffered saline (PBS), pH 7.4, to
remove traces of FBS, and serum-free MEM was added. After an 18-hour incuba-
tion, the medium was removed and preservatives including EDTA (1 mg/ml),
glutathione (0.2 mg/ml), €-amino caproic acid (1.3 mg/ml), penicillin G (500
units/ml), and chloramphenicol (0.02 mg/ml) were added. The medium was
centrifuged at 2000 rpm for 20 minutes at 4°C to remove cells and debris and
the supernatant fraction was concentrated 10-15-fold with polyvinylpyrrolidone
and sucrose placed outside the dialysis bag (Mr 5000 cutoff).

Production and characterization of monoclonal antibodies. Monoclonal
antibodies (anti) to apolipoproteins A-I, A-II and B were produced and
characterized as described in previous studies from this laboratory (12-14).
Briefly, after immunization of mice with purified apolipoproteins, mouse
spleen cells were fused with mouse myeloma cells (Sp 2/0) using the poly-
ethylene giycol method. Resulting hybridomas were cloned by the limiting
dilution method. Clones were screened for the reactivity with chylomicrons,
very low-, low-, and high-density lipoproteins and apolipoproteins A-I, A-II,
B, C-I, C-II, C-III, D and E using enzyme-linked immunosorbent assays (ELISA)
on microtiter plates. Antibodies selected for this study were those that
recognized all lipoprotein and apolipoprotein forms of the antigens with
closely comparable affinities and were able to completely remove the respec-
tive apolipoproteins from the plasma. These antibodies are referred to as
monoclonal "pan" antibodies. The "pan" antibodies to ApoA-II (14) and ApoB
(12,13) were developed in this laboratory, whereas "pan" antibody to ApoA-1
was described by Bekaert et al. (I5).

Immunoaffinity chromatography. Monoclonal "pan" antibodies to apolipoproteins
A-I, A-I1I, and B were purified from ascites by the use of protein A column and
coupled to Affi-Gel 10 (Bio-Rad Laboratories, Richmond, CA) according to the
manufacturer's instructions. Affi-Gels coupled with respective antibodies
were used to prepare immuncaffinity columns as previously described (9).

HepG2 cell culture medium or fractions thereof were applied to immunocaffinity
columns and incubated for 15-18 hr at 4°C to allow binding of lipoprotein
particles to immobilized antibodies. This was followed by elution of
unretained material and washing of columns. The retained lipoproteins were
eluted with 3 M NaSCN, pH 7.4, as previously described (9). The structural
integrity of ApoB- and ApoA-I-containing lipoprotein particles isolated by
this procedure has been verified and documented in previous studies from this
laboratory (16).
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Determination of neutral lipids and apolipoproteins. The concentrations of
triglycerides, free cholesterol and cholesterol esters were determined by
gas~-liquid chromatography (17). The concentrations of apolipoproteins A-I,
A-11, B, C-I, C-II, C-III, D and E were measured by electroimmunocassays
developed in this laboratory as previously described (18).

Polyacrylamide gel electrophoresis and immunoblotting. Electrophoresis of
lipoprotein particles was carried out in an SDS containing 12% polyacrylamide
slab gel using the Laemmli buffer system (19). The proteins were transferred
to nitrocellulose by electroblotting using the Bio-Rad minitransblot electro-
phoretic transfer cell. The membranes were immunoblotted with polyclonal
antibodies to ApoA-I, ApoA-II, and ApoA-IV as described previously (20).

RESULTS AND DISCUSSION

As shown previously (9,11), ApoB was the major apolipoprotein in the
culture medium followed, in the order of decreasing concentrations, by apolipo-
proteins A-I, E, A-II, and C-III. The weight percentage of ApoA-I1 was
approximately one-half of that of ApoA-I, while ApoC-III was a minor apolipo-
protein. Although detectable in some culture media, the concentrations of
apolipoproteins C-I, C-II and D were too small to be quantified accurately by
the electroimmunoassay. ApoA-1IV was detected qualitatively by immunoblotting.

To separate the ApoA- from ApoB-containing lipoproteins, concentrated
HepG2 cell culture medium was fractionated either by affinity chromatography
on concanavalin A (ConA) (21) or by immunoaffinity chromatography on an anti-
ApoB immunosorber as described previously (9). As shown in Table 1, both
fractionation procedures were equally effective in separating the ApoB-

containing lipoproteins (the retained fractions) from ApoA-containing

Table !. Distribution of Neutral Lipids and Apolipoproteins Between
Subfractions of HepGZ Cell Culture Medium

Neutral Lipids Apolipoproteins
Fraction Triglyceride Free Cholesterol A-1I A-II B
cholesterol ester
% %
ConA-R2 60.5 ¥ 3, 24.8 ¥ 2, 42.6 £ 3.3 2.7 0.6 0 100
ConA-U2 39.5 ¥ 3.9 75.2 %2, 57.4 ¥ 3.3 97.3 ¥ 0.6 100.0 0
"Pan"B-RP 60.1 * 7.2 24.3% 1.6 42.3%f3.5 1.0 ¥ 0.4 0 100
"Pan"B-Ub 39.9 2 7.2 75.7% 1.6 57.7% 3.5 99.0 ¥ 0.4 100.0 0

After an 18 hr incubation, conditioned medium was removed, concentrated
15-fold, and applied to either concanavalin A (ConA) or to an anti-ApoB immuno-
sorber ("pan"B). The concentrations of neutral lipids and apolipoproteins
were measured in both the retained (R) and unretained (U) fractions. Values
are mean ¥ SEM of a) 7 experiments and b) 2 experiments.
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lipoproteins (the unretained fractions). However, due to its higher binding
capacity, ConA was used in most of the experiments. The unretained fractions
contained 75% of the total free cholesterol and all the ApoA-I and ApoA-I1
(Table 1). Negligible amounts of ApoA-I detected in retained fractions were
most probably due to a nonspecific absorption of this apolipoprotein to column
matrices. The unretained fractions contained 80% of the total ApoE.

The unretained fractions separated by affinity chromatography of culture
medium on ConA column were fractionated on an anti-ApoA-II1 immunosorber. The
retained fraction contained apolipoproteins A-I, A-II and E, whereas the
unretained fraction only contained apolipoproteins A-1 and E (Table 2). These
results suggested that the former fraction consisted mainly, if not exclu-
sively, of LP-A-I:A-II particles and the latter fraction of LP-A-I particles.
Approximately 53% of the total ApoA-I was present in LP-A-I:A-1II and 47% in
LP-A-T particles; the corresponding distribution of neutral lipids and ApoE
was 54-60% in LP-A-I:A-II and 40-45% in LP-A-1 (Table 2).

The protein moiety of LP-A-I consisted of 60% ApoA-I and 40% ApoE (Table
3). The LP-A-T:A-II particles also contained a substantial amount of ApoE
which accounted for 33% of the total apolipoprotein content (Table 3). The
molar ratio of ApoA-I/ApoA-II was close to unity. The lipid composition of
both LP-A-~I and LP-A-I:A-II was characterized by free cholesterol as the major
and triglycerides and cholesterol esters as the minor constituents.

To exclude the possible presence of lipoprotein A-II particles (LP-A-II1),
the anti-ApoA-I1I retained fraction was chromatographed on an anti-ApoA-1
immunosorber. The near complete recovery of apolipoproteins A-I and A-II in
the retained fraction indicated that ApoA-II was only present in association

with ApoA~I. To verify the presence of LP-A-I:E, the anti-ApoA-II unretained

Table 2. Distribution of Neutral Lipids and Apolipoproteins Between
ApoA-Containing Lipoprotein Particles Secreted by HepG2 Cells

Lipoprotein Neutral Lipids Apolipoproteins
Fractions TG FC CE A-T A-11 E
% %
ApoA-I-Containing 40.0 45.8 39.4 47.3 0 41.2
Particles ts5.0 t .9 ¥ 3.0 o t o
ApoA-I:A~1I-Containing 60.0 54.2 60.3 52.7 100.0 58.8
Particles ts.0 t 2.9 t 3.0 t 2
Cells were cultured under conditions described in Table 1. The unretained

fraction from ConA column was fractionated on an immunosorber with monoclonal
antibodies to ApoA-II. Values are mean ¥ SEM of 9 experiments and represent
the percent of total neutral lipids and apolipoproteins recovered in the
unretained (ApoA-I-containing) and retained (ApoA-I:A-II-containing) fractions
of anti-ApoA-~I1 immunosorber. TG, triglycerides; FC, free cholesterol; CE,
cholesterol esters.
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Table 3. The Neutral Lipid and Apolipoprotein Composition of ApoA-Containing
Lipoprotein Particles Secreted by HepG2 Cells

Lipoprotein Neutral Lipids Apolipoproteins
Fractions TG FC CE A-T A-11 E
% %
ApoA-I Containing 23.5 61.8 14.6 59.5 0 40.1
Particles o2 t33  tagy to.s t 2.6
ApoA-~I:A-11 Containing 30.6 53.3 16.1 39.6 27.5 32.9
Particles tuas  tse Tis Tl tae oy

Cells were cultured under conditions described in Table 1. The unretained
(ApoA~I-containing) and retained (ApoA-~I:A-II-containing) fractions of anti-
ApoA-11 immunosorber were analyzed for neutra! lipids and apolipoproteins.
Values are means ¥ SEM of 9 experiments. TG, triglycerides; FC, free
cholesterol; CE, cholesterol esters.

fraction was chromatographed on an anti-ApoA-I immunosorber. The protein
moiety of the retained fraction consisted of ApoA-I (71%) and ApoE (29%)
demonstrating the presence of LP-A-I:E and possibly LP-A-I. Although it
appears that most of ApoE is associated with LP-A-I and LP-A-I:A-II, the exact
proportions of these two lipoproteins with and without ApoE and the possible
presence of lipoprotein E (LP-E) remain to be determined.

The possible association of ApoA-IV with LP-A-I and LP-A-I:A-II particles
was studied by immunoblotting technique. Testing of LP-A-I:A-II and LP-A-I
isolated from HepG2 cell culture medium with antisera to ApoA-I and ApoA-II
showed the presence of ApoA-I and ApoA-II bands in the former (Fig. 1A, lane
2) and ApoA-I band in the latter (Fig. lA, lane 4) particles. However,

testing of these lipoprotein particles (Fig. 1B, lanes 1 and 2) with a

A B

ApoA-IV

ApoA-}

ApoA-Il|

1 2 3 4 1 2 3

Figure 1. Analysis of lipoprotein particles by electrophoresis and
immuncblotting. The lipoprotein fractions were analyzed by 12% polyacrylamide
gel slab electrophoresis in the presence of SDS. The proteins were trans-
ferred to nitrocellulose and immunoblotted with polyclonal antisera to ApoA-I
and ApoA-II (Figure lA) and ApoA-IV (Figure 1B). Samples in Figure 1A are:
lane 1, LP-A-I:A-1I from plasma; lane 2, LP-A-I:A-II from HepG2; lane 3,
LP-A-1 from plasma; lane 4, LP-A-I from HepG2. Samples in Figure 1B are:

lane 1, LP-A-I:A-II; lane 2, LP-A-I; lane 3, anti-ApoA-II unretained-anti-
ApoA-I unretained (LP-A-IV). All samples in Figure lB were isolated from
HepG2 cell culture medium.
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polyclonal antiserum to ApoA-IV failed to reveal the presence of ApoA-1V band.
The ApoA-IV band was only identified in a fraction (Fig. 1B, lane 3) that was
first unretained on the anti-ApoA-II and then on the anti-ApoA-I immunosorber
(anti-ApoA-II unretained-anti-ApoA-I unretained fraction). This finding has
indicated that ApoA-IV exists in the HepG2 cell culture medium as a separate
lipoprotein family, LP-A-1IV.

Results of this study show that HepG2 cells secrete LP-A-I and
LP-A-T1:A-I1 as two distinct ApoA-I-containing lipoprotein families. These two
lipoproteins share some but differ in other properties from those of corre-
sponding lipoprotein families in plasma. They both contain apolipoproteins
A-1 and A-II as the characteristic protein constituents (Fig. 1A) and their
percent distribution seems to be similar in HepG2 cell culture medium (Table
2) and plasma (22,23). However, LP-A-I and LP-A-1:A-II particles from HepG2
cell culture medium have a higher content of free cholesterol and a lower
content of cholesterol esters that the corresponding lipoprotein families from
plasma. This difference in free cholesterol/cholesterol ester ratios is most
probably due to low activity of lecithin:cholesterol acyltransferase (LCAT) in
the cell medium as compared to that in plasma (24). Furthermore, LP-A-I and
LP-A-1:A-1II particles from the cell culture medium have a substantially higher
content of ApoE but negligible contents of ApoC-peptides and ApoD than LP-A-I
and LP-A-I:A-II particles from plasma (6,25). The present results are
consistent with our previous study (l1) demonstrating that the HDL particles
secreted by HepG2 cells were deficient in cholesterol esters but enriched in
free cholesterol and ApoE. The production of HDL particles with similar
properties has been demonstrated in rat liver perfusate in the absence of LCAT
activity (26) and in LCAT deficiency (27). These marked compositional
differences suggest that nascent hepatic LP-A-I and LP-A-I:A-II particles
undergo substantial modifications in the plasma compartment consistent with
their putative roles as a source or donors of ApoE (27,28) on one hand, and as
receptors of ApoC-peptides during the lipolytic degradation of triglyceride-

rich lipoproteins (29) on the other.

ACKNOWLEDGMENTS

We would like to express our appreciation to Dr. Walter J. McConathy for
providing the antiserum to human ApoA-IV. The excellent technical assistance
of Ms. Elizabeth Smith, Ms. Cindy SaeLim and Mr. Randall Whitmer is gratefully
acknowledged. We also thank Ms. Margo French for preparing this manuscript.
This investigation was supported by a research grant from the Oklahoma Health
Research Program and, in part, by research grant HL-2318! from the National
Institutes of Health and by the resources of the Oklahoma Medical Research
Foundation.

REFERENCES

1. Alaupovic, P., McConathy, W.J., Fesmire, J., Tavella, M. and Bard, J.M.
(1988) Clin. Chem. 33, B13-B27.

579



Vol. 163, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

Alaupovic, P. (1982) La Ricerca Clin. Lab. 12, 3-21.

Alaupovic, P., Tavella, M. and Fesmire, J. (1987) Adv. Exp. Med. Biol.
210, 7-14.

Albers, J.J. and Aladjem, F. (1971) Biochemistry 10, 3436-3442.

Kostner, G., Depisch, A., Petek, W. and Holasek, A. (1971) Hoppe-Seyler's
Z. Physiol. Chem. 352, 1440-1444.

Cheung, M.C. and Albers, J.J. (1984) J. Biol. Chem. 259, 12201-12209.
Osborne, J.C., Jr. and Brewer, H.B., Jr. (1977) Adv. Protein Chem. 31,
253-337.

Bisgaier, C.L. and Glickman, R.M. (1983) Annu. Rev. Physiol. 45, 625-636.
Dashti, N., Alaupovic, P., Knight-Gibson, H. and Koren, E. (1987)
Biochemistry 26, 4837-4846.

Dashti, N., Carter, E., Koren, E. and Alaupovic, P. (1988) In 8th
International Symposium on Atherosclerosis, Poster Sessions Abstract
Book, CIC Edizioni Internazionali, Roma, Italia, p. 182.

Dashti, N. and Wolfbauer, G. (1987) J. Lipid Res. 28, 423-436.

Koren, E., Solter, D., Lee, D.M., Reiner, Z., McConathy, W.J., Dashti, N.
and Alaupovic, P. (1986) Biochim. Biophys. Acta 876, 91-100.

Koren, E., Knight-Gibson, C., Wen, G., DeBault, L.E. and Alaupovic, P.
(1986) Biochim. Biophys. Acta 876, 101~-107.

Koren, E., McConathy, W.J., Keeling, J., Schwiedessen, R., Knight-Gibson,
C., Wen, G. and Reiner, Z. (1986) Arteriosclerosis 6, 52la.

Bekaert, E.D., Ayrault-Jarrier, M., Petit, E., Betourne, C., Robin, H.
and Polonovski, J. (1988) Clin. Chem. 34, 1030-1035.

McConathy, W.J., Koren, E., Wieland, H., Campos, E.M., Lee, D.M., Kloer,
H.U. and Alaupovic, P. (1985) J. Chromatogr. 342, 47-66.

Kuksis, A., Myher, J.J., Marai, L. and Geher, K. (1975) J. Chromatogr.
Sci. 13, 423-430.

Alaupovic, P., Curry, M.D. and McConathy, W.J. (1978) In International
Conference on Atherosclerosis, New York, p. 109-115.

Laemmli, U.K. (1970) Nature 227, 680-685.

Lee, D.M., Dashti, N. and Mok, T. (1988) Biochim. Biophys. Res. Commun.
156, 581-587.

McConathy, W.J. and Alaupovic, P. (1974) FEBS Lett. 41, 174-178.

Atmeh, R.F., Shepherd, J. and Packard, C.J. (1983) Biochim. Biophys. Acta
751, 178-188.

Koren, E., Puchois, P., Alaupovic, P., Fesmire, J., Kandoussi, A. and
Fruchart, J-C. (1987) Clin. Chem. 33, 38-43.

Koren, E., McConathy, W.J., Lacko, A.G. and Knowles, B. (1983) Cancer
Biochem. Biophys. 7, 301-307.

Ohta, T., Hattori, S., Nishiyama, S. and Matsuda, I. (1988) J. Lipid Res.
29, 721-728.

Felker, T.E., Fainaru, M., Hamilton, R.L. and Havel, R.J. (1977) J. Lipid
Res. 18, 465-473.

Ragland, J.B., Bertram, P.D. and Sabesin, S.M. (1978) Biochem. Biophys.
Res. Commun. 80, 81-88.

Havel, R.S. and Kane, J.P. (1973) Proc. Natl. Acad. Sci. USA 70,
2015-2019.

Eisenberg, S., Bilheimer, D.W. and Levy, R.I. (1973) Biochim. Biophys.
Acta 326, 361-377.

580



