ApoA-IV modulates the secretory trafficking of apoB
and the size of triglyceride-rich lipoproteins
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Abstract Although the evidence linking apoA-IV expres-
sion and triglyceride (TG)rich lipoprotein assembly and
secretion is compelling, the intracellular mechanisms by
which apoA-IV could modulate these processes remain
poorly understood. We therefore examined the functional
impact of apoA-IV expression on endogenous apoB, TG,
and VLDL secretion in stably transfected McA-RH7777 rat
hepatoma cells. Expression of apoA-IV modified with the
endoplasmic reticulum (ER) retention signal KDEL (apoA-
IV-KDEL) dramatically decreased both the rate and effi-
ciency of endogenous apoB secretion, suggesting a
presecretory interaction between apoA-IV-KDEL and apoB
or apoB-containing lipoproteins. Expression of native
apoA-IV using either a constitutive or tetracycline-inducible
promoter delayed the initial rate of apoB secretion and re-
duced the final secretion efficiency by ~40%. However,
whereas apoA-IV-KDEL reduced TG secretion by 75%,
expression of native apoA-IV caused a 20-35% increase in
TG secretion, accompanied by a ~55% increase in VLDL-
associated apoB, an increase in the TG:phospholipid ratio
of secreted d < 1.006 lipoproteins, and a 10.1 nm increase in
peak VLDL, particle diameter. Native apoA-IV expression
had a negligible impact on expression of the MTP gene.Hll
These data suggest that by interacting with apoB in the se-
cretory pathway, apoA-IV alters the trafficking kinetics of
apoB-containing TG-rich lipoproteins through cellular lipi-
dation compartments, which in turn, enhances particle ex-
pansion and increases TG secretion.—Weinberg, R. B., J. W.
Gallagher, M. A. Fabritius, and G. S. Shelness. ApoA-IV mod-
ulates the secretory trafficking of apoB and the size of tri-
glyceride-rich lipoproteins. J. Lipid Res. 2012. 53: 736-743.
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The growth, reproduction, and survival of all multicellu-
lar organisms are dependent upon the efficient absorption,

This work was supported by National Institutes of Health Grants HL-49373
(G.S.S.) and HL-30897 (R.B.W.). Its contents are solely the responsibility of the
authors and do not necessarily represent the official views of the National Insti-
tutes of Health. |.W.G. was supported by a predoctoral fellowship from the Ameri-
can Heart Association, Mid-Atlantic Affiliate.

Manuscript received 29 August 2011 and in revised form 17 January 2012.

Published, LR Papers in Press, January 18, 2012
DOI 10.1194/jlr.M019992

736 Journal of Lipid Research Volume 53, 2012

transport, and storage of exogenous lipids (1). The as-
sembly and secretion of triglyceride (TG)-rich lipopro-
teins by the intestine and liver is central to these critical
metabolic processes (2—4). TG-rich lipoprotein assembly is
thought to occur in two sequential steps, in which the en-
doplasmic reticulum (ER)-localized cofactor, microsomal
triglyceride transfer protein (MTP), plays an essential role
(5, 6). In the first step, MTP directs the cotranslational
lipidation of apolipoprotein (apo)B in the ER with phos-
pholipid and TG to form precursor particles with diam-
eters of ~10-20 nm (7-10). In the second step, MTP
promotes the movement of lipid from the cytosol into the
ER to form luminal lipid droplets, which then fuse with
apoB precursor particles in the ER and/or post-ER com-
partments (11-16). In the liver, this results in the secre-
tion of VLDL particles with diameters ranging from 30 to
80 nm; however, in the intestine, apoB-containing lipopro-
teins expand into chylomicrons with diameters in excess
of one micron (1, 4, 17). The ability of intestinal entero-
cytes to generate such large lipoproteins is unrelated to
APOBECI-mediated editing of apoB100 mRNA to yield
apoB48 (18). Therefore, other intracellular factors must
play a role in the expansion of chylomicron particles.
ApoA-IV may be one such factor. ApoA-IV, the largest
member of the exchangeable apolipoprotein family (19),
is synthesized by intestinal enterocytes during lipid absorp-
tion and secreted into mesenteric lymph on the surface of
nascent chylomicrons (20, 21). Although a broad spec-
trum of physiologic functions has been proposed for
apoA-IV in the three-and-a-half decades since its first de-
scription (22), a substantial body of evidence supports a
role in chylomicron assembly: ¢) apoA-IV synthesis in intes-
tinal enterocytes increases up to 5-fold during absorption
of long-chain fatty acids (23, 24), which requires chylomicron
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assembly, but not during absorption of short-chain fatty
acids, which does not (25); #) intestinal apoA-IV synthesis
is simultaneously inhibited when chylomicron secretion
is blocked by the surfactant PL-81 (26); ¢i) within the
enterocyte, apoA-IV colocalizes with apoB in pre-Golgi se-
cretory transport vesicles (27); i) the dynamic interfacial
properties of apoA-IV are ideally suited to stabilizing ex-
panding lipid interfaces (28, 29); v) plasma apoA-IV levels
rise promptly after a fatty meal (30) and are depressed in
intestinal disorders in which TG absorption is impaired
(31); and vi) apoA-IV expression in porcine neonatal in-
testinal cells (IPEC-1) increases bulk TG transport by
enabling formation and secretion of larger TG-rich lipo-
proteins (32, 33).

Although the evidence linking apoA-IV expression and
chylomicron assembly and secretion is compelling, the in-
tracellular mechanisms by which apoA-IV might impact
these processes remain poorly understood. For apoA-IV to
facilitate the expansion of TG-rich lipoproteins, it must in-
teract either directly with apoB or with the surface of apoB-
containing lipoproteins within the secretory pathway. In
previous studies, we cotransfected apoA-IV, apoB, and
MTP into COS cells and found that apoA-IV modified with
the C-terminal ER retention signal KDEL (apoA-IV-KDEL)
inhibited the secretion of apoB constructs larger than
apoB25, suggesting the existence of a protein-protein in-
teraction between apoA-IV and specific sequences in the
N-terminal region of the apoB molecule in the early stages
of TG-rich lipoprotein assembly (34). Herein, we have ex-
tended these investigations to examine the effect of
apoA-IV on endogenous apoB-trafficking kinetics and the
physical properties of secreted apoB-containing TG-rich
lipoproteins. To do so, we stably transfected apoA-IV and
apoA-IV-KDEL constructs into McA-RH7777 rat hepatoma
cells, which unlike rodent liver, lack endogenous expres-
sion of apoA-IV and thus provide a null background (35).
Our data suggest that apoA-IV alters the secretory traffick-
ing of apoB and/or apoB-containing lipoproteins through
cellular lipidation compartments, which in turn, enhances
particle expansion and, ultimately, TG secretion.

EXPERIMENTAL PROCEDURES

Plasmids

Human apoA-IV and apoA-IV-KDEL expression plasmids were
described previously (34). Plasmids containing the tetracycline
regulator (pTet-On) and the tetracycline response element
(pTRE2 hyg) were obtained from Clontech Laboratories, Inc.
(Mountain View, CA). Human apoA-IV cDNA was generated by
polymerase chain reaction using linearized apoA-IV plasmid
DNA as template and 5" and 3’ flanking primers containing engi-
neered Bglll and Mlul restriction enzyme sites, respectively. Fol-
lowing Bglll and Mlul digestion, the cDNA was ligated to BamHI
and Mlul-digested pTRE2 hyg. The integrity of the plasmid was
verified by sequence analysis.

Metabolic radiolabeling of transfected McA-RH7777 lines

Stable and inducible apoA-IV expressing McA-RH7777 cell
lines were generated as described previously (36). Unless otherwise
indicated, McA-RH7777 cells were grown in 100 mm dishes

containing DMEM (Media Tech, Manassas, VA) with 10% FBS
(growth medium). In some experiments with the inducible cells,
1 pg/ml doxycycline (Dox) was added to the media. At 2 h prior
to experiments, media was replaced with growth medium supple-
mented with 0.8 mM oleic acid complexed to 1.5% fatty acid—free
BSA (both from Sigma-Aldridge, St. Louis, MO). Transfected
cells were metabolically radiolabeled by incubation for the indi-
cated times with 100 pCi/ml [‘%S]Met and Cys (EasyTag Express
Protein Labeling Mix; Perkin Elmer Life Sciences, Waltham, MA)
in Met- and Cys-deficient DMEM (Gibco-Life Technologies), also
supplemented with 10% FBS and 0.8 mM oleic acid. Pulse-chase
studies were performed in 60 mm dishes. After a 10 min pulse
with [3SS]Met/Cys as described above, cells were washed and in-
cubated with oleate-containing growth medium containing an
additional 2.5 mM Met and 1 mM Cys for the indicated times.
Cell lysate and media samples were prepared as described previ-
ously (34, 37) and subjected to immunoprecipitation with rabbit
anti-apoA-IV or goat anti-human apoB (Academy Biomedical,
Houston, TX). Immune complexes were fractionated by SDS-
PAGE, and dried gels were exposed to BioMax MS film backed
with a BioMax TransScreen-LE intensifying screen (Eastman
Kodak, Rochester, NY) at —70°C; band intensities were quanti-
fied using a Molecular Dynamics 445 SI phosphorimager or a
Fujifilm BAS5000 phosphorimager. These data were used to
calculate apoB secretion efficiency, intracellular retention, and
degradation.

Quantification of intracellular and secreted lipids from
transfected McA-RH7777 cells

Transfected cells were plated in 150 mm dishes at 50% conflu-
ence. After 24 h, cells were incubated in growth medium supple-
mented with 0.8 mM oleate for 2 h. Media was then replaced with
growth medium containing 0.8 mM oleate and 10 pCi [3H] oleate,
and the cells were incubated for an additional 18 h. Media was
then removed, concentrated in a Centricon YM-50 concentrator
(Millipore, Billerica, MA), and subjected to Bligh-Dyer extrac-
tion (36, 38). Extracted lipids were fractioned by thin layer chro-
matography using heptane-ether-acetic acid [90:30:1]; bands
were visualized by incubation in iodine vapor, and TG- and phos-
pholipid (PL)-containing fractions were cut from the plate and
quantified by liquid scintillation counting (36). Protein concen-
tration of cell extracts was determined by the bicinchoninic acid
method (39) using the Pierce BCA Protein Assay Reagent kit
(Thermo Scientific, Rockford, IL).

Isolation and characterization of VLDL

Media from transfected cells was adjusted to a volume of 3 ml
with phosphate buffered saline and centrifuged for 14 h at
100,000 rpm in a TLA100.3 rotor using a TL-100 tabletop ultra-
centrifuge (Beckman Coulter, Brea, CA). The d < 1.006 g/ml top
(1 ml) and d >1.006 g/ml bottom (2 ml) fractions were collected
by tube slicing, and apoB was isolated by immunoprecipitation
and analyzed by 4-20% SDS-PAGE and fluorography. Lipopro-
teins in the VLDL, size range were isolated by cumulative rate
density gradient ultracentrifugation, and the particle size distri-
bution was analyzed using a Zetasizer Nano-S model ZEN1600
dynamic laser light-scattering instrument (Malvern Instruments,
Worcestershire, UK) at 633 nm (36).

Gene expression in inducible McA-RH7777 cells

Inducible apoA-IV expressing McA-RH7777 cells were grown
in 100 mm dishes containing DMEM with 10% FBS with and
without 1 pg/ml Dox. After 48 h, cellular RNA was extracted
using TRIzol (Invitrogen). Total RNA was converted into cDNA
using Omniscript RT kits (Qiagen, Valencia, CA). Quantitative
PCR (gPCR) was performed on a 7500 Fast Real Time PCR System
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(Applied Biosystems, Foster City, CA). A typical PCR reaction
(20 wl) contained 10 pl 2X Fast SYBR Green Master Mix (Ap-
plied Biosystems), 1 ul each of 5 wM forward and reverse prim-
ers, and a 1:10 dilution of cDNA. Copy numbers were normalized
to GAPDH. The following primers were used: apoA-IV, forward
TTC CTG AAG GCT GCG GTG CTG, reverse CTG CTG AGT
GAC ATC CGT CTT CTG; MTP, forward CCT ACC AGG CCC
AAC AAG AG, reverse CGC TCA ATT TTG CAT GTA TCC. Im-
munoblot analyses were performed with anti-mouse MTP mono-
clonal antibody (BD Biosciences) and rabbit anti-human apoA-IV,
as described previously (34, 40).

RESULTS

Stable transfection of McA-RH7777 cells with apoA-IV
and apoA-IV-KDEL alters endogenous apoB secretion

McA-RH7777 cells were stably transfected with apoA-1V,
apoA-IV-KDEL, or a control neomycin (Neo) resistance
plasmid, stimulated with BSA-oleate, and radiolabeled
with [3BS]Met and Cys for 4 h. Cell lysate and media frac-
tions were subjected to immunoprecipitation with anti-
apoA-IV or anti-apoB antibody and analyzed by SDS-PAGE
and fluorography. As shown in Fig. 1A, in cells transfected
with apoA-IV, both the cell (C) and media (M) fractions
displayed a band with the expected electrophoretic mobil-
ity of ~48 kDa (compare lanes 1-4 with lanes 5-8). In con-
trast, in cells transfected with apoA-IV-KDEL, the apoA-IV
band was present in cell lysates (Fig. 1B, arrowhead) but
not in the media fractions, demonstrating, as expected,
that the KDEL ER retention-recycling signal dramatically
reduced apoA-IV secretion. To assess the impact of apoA-
IV-KDEL on endogenous apoB secretion, cell and media
samples from Neo- and apoA-IV KDEL-transfected cells
were examined for apoB100 content. As shown in Fig. 1C,
apoA-IV-KDEL expression resulted in a ~75% reduction
in apoB in media compared with Neo cells (compare lanes
2, 4, and 6, with lanes 8, 10, and 12), suggesting an intra-
cellular interaction between apoA-IV-KDEL and either
apoB or apoB-containing lipoproteins (34).

To quantitatively assess the impact of apoA-IV and apoA-
IV-KDEL expression on apoB secretion kinetics, cells were
subjected to a 10 min pulse with [&’S]Met and Cys, followed
by 0-120 min chase with media containing cold amino ac-
ids. As anticipated, apoA-IV-KDEL expression reduced both
the initial rate of apoB secretion into the culture cell media
and the final secretion efficiency relative to Neo controls by
~80%. Interestingly, native apoA-IV also reduced the initial
rate and final efficiency of apoB secretion to a level interme-
diate between the Neo- and apoA-IV-KDEL~transfected cells
(Fig. 1D). Recovery of apoB from the cell lysates indicated
that, in the apoA-IV-transfected cells, there was a trend
toward greater intracellular apoB retention at 60 min
(P=10.07); however, by 120 min, very little of the initial pulse-
labeled apoB remained within the cells under all three
transfection conditions (Fig. 1E). As expected, apoB under-
went rapid degradation at all times in the apoA-IV-KDEL—-
transfected cells, whereas apoB degradation was slower but
similar in native apoA-IV cells and Neo-transfected cells
(Fig. 1F). These data establish that apoA-IV expression al-
ters the rate and efficiency of endogenous apoB secretion.
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Fig. 1. Effect of apoA-IV and apoA-IV-KDEL on endogenous
apoB secretion in McA-RH7777 cells. A, B: Duplicate dishes of
MCcA-RH7777 cells stably transfected with apoA-IV (A, lanes 5-8),
apoA-IV-KDEL (B, lanes 5-8), or control neomycin (Neo) vector
(A and B, lanes 1-4) were radiolabeled with [’S]Met and Cys for 4 h,
and equal aliquots of cell lysates (C) and media (M) were im-
munoprecipitated with anti-apoA-IV antibody followed by SDS-
PAGE and fluorography. Arrowheads (B) show position of the
apoA-IV-KDEL band. C: Neo and apoA-IV-KDEL cells were labeled
as described above, and cell lysate and media samples were immu-
noprecipitated with anti-apoB antibody and analyzed as above. D,
E, F: Neo, apoA-IV, and apoA-IV-KDEL cells were pulse-radiola-
beled for 10 min with [SOS]Met and Cys and then chased for the
indicated times with media containing cold amino acids. At the
end of each chase period, labeled apoB100 protein in cell lysates
and media was quantified by immunoprecipitation, SDS-PAGE,
and phosphorimager analysis to determine the percentage of newly
synthesized apoB that was secreted into the media (D), retained
within the cells (E), and degraded (F). Data are mean + SE; n = 3.
Where error bars are not visible, the SE is less than the size of the
symbol. Time points with different letters are (D) P = 0.001 at
60 min, P=0.001 at 90 min, and P= 0.003 at 120 min; (F): P=0.044 at
60 min, P=0.055 at 90 min, and P=0.014 at 120 min by ANOVA.

Stable transfection of McA-RH7777 cells with apoA-IV
and apoA-IV-KDEL alters lipid secretion

We next examined the effect of apoA-IV and apoA-IV-
KDEL on lipid secretion. In accord with its strong inhibitory
effect on apoB secretion, apoA-IV-KDEL expression caused a
dramatic decrease in the secretion of TG (Fig. 2A) and PL
(Fig. 2B), associated with a reciprocal increase in cell-
associated TG (Fig. 2D). In contrast, apoA-IV increased TG
secretion (Fig. 2A), despite the decrease in apoB secretion



(Fig. 1C, D), but with little change in intracellular TG
(Fig. 2D). The constant intracellular TG levels could be a
consequence of a homeostatic balance between secretion
and cellular TG synthesis. ApoA-IV-induced stimulation in
TG secretion was also accompanied by a ~40% increase in
the media TG:PL ratio relative to Neo controls (Fig. 2C), con-
sistent with an increase in the size of secreted apoB-contain-
ing lipoproteins.

Dox-induced apoA-IV expression in McA-RH7777 cells
alters apoB and lipid secretion

To ensure that the observed differences in apoB and
lipid secretion were not caused by clonal variation among
stably transfected cell lines, a cell line was created that
expressed apoA-IV under the control of a tetracycline
(Tet)-responsive promoter. Upon incubation in media
containing Dox, these cells displayed a dramatic increase
in apoA-IV abundance in cell lysates and media (Fig. 3A,
compare lanes 1-6 with lanes 7-12). To assess how apoA-IV
expression affects the initial kinetics of apoB secretion,
pulse-chase experiments were performed in cells induced
for 48 h either without or with Dox in the tissue culture
media. As shown in Fig. 3B, Dox-induced apoA-IV expres-
sion reduced the initial apoB secretion rate by 44%, rela-
tive to the Dox (—) control, in good agreement with data
obtained using the constitutive cell lines (Fig. 1D). To as-
sess the impact of apoA-IV expression on apoB particle
characteristics, cells were radiolabeled with [35S]Met and
Cys for 4 h in the absence and presence of Dox, and media
were subjected to density gradient centrifugation at d =
1.006 g/ml. The percentage of apoB in the d < 1.006 top
fraction increased from 55% to 84% with Dox-induced
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Fig. 2. Lipid secretion is altered by expression of apoA-IV and
apoA-IV-KDEL in McA-RH7777 cells. McA-RH7777 cells stably
transfected with control neomycin vector (Neo), apoA-IV (ALV), or
apoA-IV-KDEL (AIV-KDEL) were incubated with media containing
10% serum, 0.8 mM oleate, and 10 pCi [3H]oleate for 18 h. Lipids
were isolated from media and cell lysates by solvent extraction,
separated by TLC, and quantitated by liquid scintillation counting.
Lipid data are normalized to cell protein. A: Media TG. B: Media
PL. C: Media TG:PL ratio. D: Cell TG. Data are mean + SD (n = 3).
Bars labeled with different letters are P< 0.05 by ANOVA.

A

-Dox +Dox
cImlcImlcImlcImlcIm]c]m

)
I apoAlV

12 3 4 656 6 7 8 9 1011 12

apoB Secretion
(% initial)

Time (min)

Fig. 3. Inducible expression of apoA-IV decreases the rate of en-
dogenous apoB100 secretion. A: Triplicate dishes of McA-RH7777
cells stably transfected with Tetinducible apoA-IV were incubated
without (—) or with (+) 1 pg/ml doxycycline (Dox) for 48 h. Cells
were then radiolabeled with [3°S]Met and Cys for 4 h, followed by im-
munoprecipitation of cell lysates (C) and media (M) with anti-apoA-IV
antibody, SDS-PAGE, and fluorography. B: Triplicate dishes of McA-
RH7777 cells were incubated without or with Dox as indicated, and
then subjected to a 10 min pulse with [*°S]Met and Cys followed by 0,
30, and 60 min chase with media containing cold amino acids. Data
are mean + SD (n = 3). Where error bars are not visible, the SD is less
than the size of the symbol. Time points with different letters are P=
0.013 at 30 min and P= 0.034 at 60 min by ANOVA.

apoA-IV expression (Fig. 4A, B). As was also seen in consti-
tutive apoA-IV expression experiments (Fig. 2), Dox-
induced apoA-IV expression increased media TG (Fig. 4C)
and the media TG:PL ratio (panel E), again suggesting
that apoA-IV expression facilitated the secretion of larger,
more TG-rich lipoproteins.

Dox-induced apoA-IV expression in McA-RH7777 cells
increases VLDL particle size

As the previous results demonstrated that apoA-IV ex-
pression increased TG secretion in association with an in-
creased percentage of apoB that forms VLDL, we directly
measured the effect of apoA-IV expression on VLDL parti-
cle diameter. When an inducible apoA-IV cell line was incu-
bated with Dox for 48 h, intracellular apoA-IV increased
dramatically (Fig. 5A). Media from these Dox-treated cells
were then subjected to density gradient centrifugation to
obtain the VLDL, fraction, and its particle size distribution
was determined by dynamic light scattering (36). Addition
of Dox caused a rightward shift in VLDL, particle distribu-
tion (Fig. 5B), caused by an increase in peak diameter from
59.4 to 69.5 nm (Fig. 5C), and an increase in the intensity-
weighted mean (“Z-averaged”) diameter from 49.35 to
59.18 nm. Together these data suggest that Dox-induced
apoA-IV expression in McA-RH7777 cells facilitates second-
step particle lipidation, thereby resulting in the secretion
of larger, more TG-enriched lipoproteins.

Dox-induced apoA-IV expression in McA-RH7777 cells
does not alter MTP gene expression

As it was previously reported that the effects of apoA-IV
on TG transport in IPEC-1 cells was associated with an in-
crease in endogenous MTP expression (41), we assessed
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Fig. 4. Expression of apoA-IV in McA-RH7777 cells increases the
percentage of apoB secreted as VLDL and increases bulk TG secre-
tion. A: Triplicate dishes of Tetinducible apoA-IV McA-RH7777
cells were incubated without (—) or with (+) 1 pg/ ml doxycycline
(Dox) for 48 h. Cells were then radiolabeled with [*S]Met and Cys
for 6 h, and the media was subjected to density gradient centrifuga-
tion to obtain VLDL d < 1.006 g/ml top (T) and d > 1.006 g/ml
bottom (B) fractions. ApoB was immunoprecipitated and analyzed
by SDS-PAGE and fluorography. B: Band intensities were quantified
by phosphorimager analysis and the percentage of total apoB in the
top d < 1.25 g/ml was plotted C-E: Cells treated with and without
Dox were incubated with [° H]oleate for 18 h, and radiolabeled lip-
ids were analyzed as described in Fig. 2. Data are mean = SD (n = 3).
Bars labeled with different letters are P< 0.05 by ANOVA.

whether the changes in lipid and lipoprotein secretion and
particle characteristics observed in our Dox-inducible McA-
RH7777 cells could also be attributable in whole or part to
asimilar upregulation of MTP. To assess the effect of apoA-IV
expression on MTP, cells were incubated for 48 h either
without or with Dox, and apoA-IV and MTP gene expression
was measured by qPCR. As shown in Fig. 6A, as expected, in-
cubation with Dox increased apoA-IV gene expression ~5-
fold; however, in the same cells, MTP gene expression dis-
played a nonsignificant increase of 25% (Fig. 6B). To
confirm this outcome, extracts from both —Dox- and +Dox-
treated cells were subjected to immunoblot analysis. While
apoA-IV was upregulated by Dox, no detectable change in
MTP protein abundance was observed (Fig. 4C).

DISCUSSION

Previous studies in IPEC-1 cells have demonstrated a di-
rect impact of apoA-IV on the biogenesis of TG-rich lipo-
proteins (32, 33), specifically, that expression of native
and C-terminal-modified human apoA-IV constructs in-
creases transcellular TG transport by enabling secretion of
larger TG-rich lipoproteins, while decreasing secretion of
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apoB. As our previous study in COS cells found evidence
for a direct presecretory protein-protein interaction be-
tween apoA-IV and apoB (34), we asked whether apoA-IV
could facilitate lipoprotein expansion by altering the traf-
ficking kinetics of apoB. To examine this issue, we used
McA-RH7777 cells as a model, because they possesses the
requisite cellular machinery (i.e., constitutive expression
of apoB and MTP) to assemble and secrete TG-rich lipo-
proteins in the VLDL size range (42). Furthermore,
whereas rodent hepatocytes express endogenous apoA-IV
and its expression is strongly induced by increased liver fat
content (43-45), McA-RH7777 cells lack apoA-IV expres-
sion and thus provide an essentially null background (35).
Using this system, we observed that although transfection
of apoA-IV-KDEL and native apoA-IV both reduced the se-
cretory efficiency of apoB relative to control cells, apoA-
IV-KDEL markedlyinhibited cellular TG secretion, whereas
native apoA-IV increased TG secretion into media, the as-
sociation of apoB with d < 1.006 g/ml lipoproteins, and
the diameter of VLDL, particles. Considered together,
these data suggest that apoA-IV may act as a chaperone
that modulates the trafficking of apoB through the secre-
tory pathway, thereby prolonging the residence time of
nascent apoB-containing particles in cellular compart-
ments where lipidation occurs (13, 14, 16, 46), enhancing
TG loading and, ultimately, increasing TG secretion.
Although these data corroborate the previous studies of
Lu et al., who found that constitutive and Dox-induced
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Fig. 6. Impact of Dox-induced expression of apoA-IV on MTP
mRNA and protein abundance. Tet-inducible apoA-IV McA-
RH7777 cells were incubated in the absence (—) or presence (+) of
1 pg/ml doxycycline (Dox) for 48 h and apoA-IV (A) and MTP (B)
gene expression were measured by qPCR, normalized to GAPDH,
and shown as the fold increase in the presence of Dox. Data are
mean = SD; n = 3; *P < 0.001 by unpaired #test. C: Immunoblot
analysis of transfected human apoA-IV and endogenous rat MTP.

overexpression of apoA-IV in IPEC-1 cells facilitates trans-
cellular TG transport by increasing lipoprotein size (32,
33), they are seemingly at odds with work of Yao etal. (35).
These investigators observed that constitutive expression
of rat apoA-IV under control of the constitutive CMV pro-
moter in McA-RH7777 cells had no obvious effect on the
size of d < 1.006 g/ml lipoprotein particles as assessed by
electron microscopy (35). However, these studies used se-
rum-free media and a much lower concentration of oleate
(0.1 mM), which may have resulted in suboptimal stimula-
tion of apoB and VLDL secretion, thereby obscuring an
effect of apoA-IV. Another important caveat in comparing
these studies is that rat apoA-IV is much more hydropho-
bic than human apoA-IV (29) and it lacks one of four
EQQQ repeats that are a unique feature of the human
apoA-IV C terminus (47). As discussed below, this deletion
occurs in a region that may mediate the interaction be-
tween apoA-IV and apoB.

Given the critical role of MTP in the assembly and secre-
tion of TG-rich lipoproteins (5) it is pertinent to consider
whether the impact of apoA-IV on TG secretion observed
in the present studies was mediated by an effect on MTP
gene expression. Using the IPEC-1 intestinal cell model,
Yao et al. (40) observed that Dox-induced expression of
swine apoA-IV increased MTP gene expression by ~80%:;
in a previous study, this was associated with a 2-fold in-
crease in TG secretion (33). However, Dox-induced ex-
pression of a truncated “pig-like” human apoA-IV (lacking
the distinctive C-terminal repeated EQQQ motif) in-
creased MTP gene expression by ~50%, but in the previ-
ous study, this was associated with a 25-fold increase in TG
secretion (33). In the present study, we observed that Dox-
induced expression of human apoA-IV caused only a 25%
increase in MTP mRNA abundance and no detectable
change in protein levels (Fig. 6), with an associated 1.4-
fold increase in TG secretion. Differences in the cell mod-
els and the structures of the transfected apoA-IV proteins

preclude a direct comparison among these findings. None-
theless, we believe that the nonsignificant induction of
MTP gene expression may not be the sole factor determin-
ing the impact of apoA-IV on TG-rich lipoprotein assem-
bly in our hepatocyte model.

We previously noted that the inhibitory effect of apoA-
IV-KDEL on apoB secretion in COS cells appears between
apoB21-25 and is independent of apoB lipidation (34).
Furthermore, IPEC-1 cell transfection studies found that
deletion of residues 345 to 357 in the apoA-IV C terminus
increases transcellular TG transport 25-fold but that ad-
ditional truncation by only 11 residues completely ablates
the effect (33). These data are consistent with a protein-
protein interaction between specific domains in apoA-IV
and apoB, and suggest that apoA-IV may act as a secretory
pathway chaperone for apoB. In this regard, apoA-IV dis-
plays slower secretion kinetics than apoB (34, 35), and
thus, its association with apoB could retard export of
apoB-containing TG-rich particles from the ER and/or
slow their passage through post-ER lipidation compart-
ments. ApoA-IV could also serve as a bridge between
apoB and other ER chaperone proteins that modulate
apoB secretion, such as ERp72, GRP94, calreticulin, and
BiP (48, 49).

While these data elucidate how apoA-IV could modulate
lipoprotein assembly and lipid absorption at the cellular
level, the puzzling issue has remained that no obvious phe-
notypes were observed in either apoA-IV knockout (50) or
human apoA-IV transgenic mice (51). One possibility is
that in these studies lipid absorption was determined by
plasma TG appearance curves after a single lipid bolus.
Because the intestine possesses a large reserve capacity for
lipid absorption (52, 53), it is possible that these animals
were not given a big enough lipid challenge to discern an
effect of apoA-IV deletion or overexpression on dietary fat
absorption efficiency. In this regard, we recently reported
that although fat balance and lymph duct cannulation
studies in wild-type and apoA-IV knockout mice found no
effect of apoA-IV on total dietary fat absorption, lipid
transport studies using everted gut sacs revealed that
apoA-1V facilitates TG transport in the proximal gut (54).
These data establish that the ability of apoA-IV to facilitate
TG absorption at the cellular level is in fact discernible at
the suborgan level but is masked in the intact animal by
the functional redundancy of the small bowel. Thus, the
impact of apoA-IV gene expression on intestinal lipid ab-
sorption in vivo may be manifest only under circumstances
where intestinal lipid transport capacity is impaired, such
as the neonatal period (55). For example, estrogen-related
receptor-a knockout mice display decreased intestinal
apoA-1V levels and impaired fat absorption in pups but not
in adults (56).

In summary, these data establish that both constitutive
and regulated expression of human apoA-IV in McA-
RH7777 rat hepatoma cells alters the secretory trafficking
of apoB and facilitates TG transport by increasing the size
and core TG content of lipoproteins. When considered in
the light of previous work on the structure and function of
apoA-IV and apoB, we propose that by functioning as a
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secretory chaperone for apoB, apoA-IV increases the resi-
dence time of nascent apoB-containing lipoproteins in in-
tracellular compartments where second-step lipidation
occurs, thereby allowing more time for them to undergo
core expansion before secretion. In the liver, increased
apoA-IV expression induced by hepatic fat accumulation
could play a role in mediating more efficient TG export
(57).In the intestine, such intracellular actions of apoA-IV,
under certain specific physiological conditions, could fa-
cilitate more efficient absorption of dietary lipids. i
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