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Expression of a novel human apolipoprotein
(apoC-1V) causes hypertriglyceridemia in transgenic

mice
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Abstract The human apolipoprotein (apo) C-IV gene has
been recently identified: it is closely linked to the promoter
region of the apoC-II gene (Allan, C. M., D. Walker, J. Segrest,
and J. M. Taylor. 1995. Genomics. 28: 291-300). To determine
the effect of apoC-IV gene expression on lipoprotein metabo-
lism, transgenic mice were generated using a human apoC-IV
c¢DNA construct. Human apoC-IV was found associated with
plasma lipoproteins (d < 1.21 g/ml), mainly in very low den-
sity lipoproteins (VLDL), and higher molecular mass isoforms
were present, due to N-linked glycosylation and variable sialy-
lation of apoC-IV. Human apoC-IV transgenic mice were
hypertriglyceridemic compared to nontransgenic controls;
the accumulated plasma triglycerides were present mainly in
VLDL. There was little change in plasma cholesterol levels,
although apoC-IV expression redistributed cholesterol to
VLDL and larger particles in low density lipoprotein/large
high density lipoprotein fractions. By immunoblot analysis,
apoC-IV was not detected in normal adult human plasma or
isolated plasma lipoproteins, a finding consistent with our
previous observation of very low levels of human apoC-1V
mRNA in human liver.i§ However, our analysis of trans-
genic mice provides unequivocal evidence that human apoC-
IV is a lipid-binding protein belonging to the apolipoprotein
family and that it has the potential to alter lipoprotein meta-
bolism.—Allan, C. M., and J. M. Taylor. Expression of a novel
human apolipoprotein (apoC-IV) causes hypertriglyceridemia
in transgenic mice. J. Lipid Res. 1996. 37: 1510-1518.
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The genes encoding human apolipoprotein (apo) E,
apoC-I and apoC-II are located within a 45-kb cluster on
chromosome 19 (1, 2). The similar exon-intron arrange-
ment of these genes suggests that they evolved from a
common ancestral gene (3, 4) and that they are evolu-
tionarily related to the apoA-L, apoA-1V, and apoC-HI
genes located in a cluster on chromosome 11 (4-6). We
recently characterized a new human gene designated
the apoC-IV gene (APOC4), which is located in the
apoE, apoC-1, and apoC-II gene locus (7). Its 3" terminus
lies 555 bp upstream of the apoC-II gene, giving both
genes the same transcriptional orientation. The struc-
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ture and location of the apoC-1V gene, as well as the
characteristics of its predicted protein sequence, sug-
gested that it belongs to the apolipoprotein gene family.
Apolipoproteins E, C1, and C-II are components of
plasma lipoproteins that have evolved distinct roles in
lipid metabolism. Apolipoprotein E mediates lipopro-
tein clearance from the plasma by acting as a ligand for
the low density lipoprotein (LDL) receptor (8, 9), LDL
receptor-related protein (10), and cell-surface proteogly-
cans (11). Apolipoprotein C-II is the cofactor for lipo-
protein lipase, playing an obligatory role in the hydroly-
sis of lipoprotein triglycerides (12). The precise function
of apoC-I is uncertain, but in vitro studies show that it
may inhibit the apoE-mediated cellular uptake of lipo-
proteins (13, 14), suggesting a role for apoC-1 in modu-
lating lipoprotein catabolism. The proposed amino acid
sequence of human apoC-IV shares a limited homology
to the human apoC-I and apoC-II sequences (7), indicat-
ing that it also may function in lipid metabolism.
Apolipoproteins associate with lipid through the re-
peated amphipathic o-helical structures that are charac-
teristic of these proteins (for review, see refs. 4, 15). The
human apoC-IV gene was predicted to encode a protein
of 127-amino acid residues that contains two amphipa-
thic structures that belong to types characteristic of
apolipoproteins; a class Al domain between residues
47-64 and a class Y domain between residues 95-112
(7). These potential lipid-binding domains suggested
that human apoC-IV may associate with lipoproteins. In
addition, comparison of the exon sequences encoded by
the human and mouse apoC-IV genes revealed that the

Abbreviations: apo, apolipoprotein; bp, base pairs; d, density; FPLC,
fast performance liquid chromatography; kb, kilobase; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; HDL, high
density lipoprotein; IDL, intermediate density lipoprotein; LDL, low
density lipoprotein; VLDL, very low density lipoprotein.
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apoC-IV coding sequence is evolutionarily conserved,
with a 70% identity of nucleotide positions (7). Further-
more, comparison of the proposed human and mouse
apoC-IV proteins reveals that apoC-IV is conserved at a
level (57%) similar to that of human and mouse apoC-1I
(57%) and apoC-I (61%), which are encoded by the two
neighboring genes that are actively involved in lipopro-
tein metabolism (7). This degree of sequence conserva-
tion in the apoC-IV gene and protein sequences suggests
that apoC-IV may have a function in lipid metabolism.

In the present study, we have investigated this possi-
bility using transgenic mice expressing human apoC-1V.
We found that apoC-IV associates with plasma lipopro-
teins, and its overexpression resulted in a phenotype
similar to those reported for transgenic mice expressing
the small molecular weight human C apolipoproteins,
apoC-1, apoC-II, and apoC-III (16-19). In addition, we
show that apoC-IV is not expressed in normal adult
human plasma, which suggests it may not participate in
adult human lipoprotein metabolism.

MATERIALS AND METHODS

Generation of transgenic mice

A human apoC-IV cDNA fragment was isolated from
pC-IV (7) by digestion with BamHI and Bgl/Il and sub-
cloned into pLITMUS 38 (New England Biolabs, Bev-
erly, MA). The cloned cDNA was isolated by digestion
with Mlul and Munl and inserted into pLIV11 (20), a
vector containing the human apoE gene promoter and
its liver enhancer sequence (21), to produce the con-
struct pLIVhC-IV (Fig. 1). After digestion with Sall and
Spel, the linearized LIVhC-IV fragment was isolated
following agarose gel electrophoresis as described (7).
Transgenic animals were generated essentially as de-
scribed previously (22), using FVB/N mice obtained
from Charles River Laboratories (Wilmington, MA).
The LIVhC-IV DNA was microinjected at 2-3 ng/pl in
10 mM Tris-HCI, pH 7.4, 0.1 mM EDTA buffer into the
fertilized embryos of superovulated mice. Five inde-
pendent transgenic founder lines (17% of pups
screened) were identified by Southern blot analysis of
tail DNA, using an apoC-IV ¢cDNA probe as described
(7). Copy numbers of the transgenes were determined
by Southern dot blot analysis and quantification using a
Fujix Bas 1000 Bio-imaging Analyzer (Fuji Photo Co.
Ltd., Japan); human genomic DNA from cultured
HepG2 cells was used as a standard.

RNA preparation and RNase protection analysis

Total RNA from mouse tissues was isolated using
guanidine thiocyanate (23). RNase protection analysis
was performed as described (24), using 5 pg of total
cellular RNA per sample. An antisense RNA probe for

human apoC-IV mRNA was transcribed as described (7)
using [032PJUTP in the presence of T3 RNA polymerase.
A mouse actin mRNA probe (pTRI-actin, Ambion Inc.)
was used in this assay to confirm that equivalent levels
of RNA were present in each tissue sample.

Isolation of plasma lipoproteins

Total human or mouse plasma lipoproteins (d < 1.21
g/ml) were isolated by density ultracentrifugation in a
TLA100.2 rotor using a Beckman tabletop TL100 ul-
tracentrifuge. Plasma samples (1 ml) were centrifuged
at d 1.21 g/ml for 4 h at 100,000 rpm and 4°C. Mouse
plasma lipoproteins also were isolated by FPLC gel
filtration using a Superose 6 HR10/30 column (Pharma-
cia LKB, Piscataway, NJ). FVB/N mice that were hemizy-
gous for the LIVhC-IV transgene were maintained on
normal mouse chow (Purina 5001, 4.5% fat), fasted for
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Fig. 1. Expression of human apoC-1V mRNA in LIVhC-IV transgenic
mice. Transgenic mice were generated with the construct LIVhC-1V,
which contains 5 kb of the 5"flanking region, the first exon (I), part
of the second exon (II), and the polyadenylation sequence of the
fourth exon (IV) of the human apoE gene, as well as the human
apoC-IV ¢cDNA and sequence containing the liver enhancer, HCR-1
(21), as shown above. Total RNA was isolated from each tissue,
obtained from a founder with four copies of the LIVhC-IV construct.
Autoradiograms of the dried gel after RNase protection analysis of
human apoC-IV mRNA or mouse actin mRNA in mouse liver, intes-
tine, kidney, spleen, brain, and lung are shown. The bands shown here
correspond to the protected human apoC-IV or mouse actin mRNA
fragments (349 and 250 bp, respectively). The human apoC-IV hybridi-
zation probe does not cross-react with mouse apoC-IV mRNA in this
assay (data not shown).
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4 h, and the plasma was collected from the major tail
vein using 1 mg/ml EDTA as an anticoagulant. For each
FPLC run, a 250-ul aliquot of six pooled plasma samples
was applied to the column, and the eluate was collected
in 0.25-ml fractions at a flow rate of 0.5 ml/min. The
cholesterol and triglyceride contents of plasma samples
and lipoprotein fractions were determined by col-
orimetric quantitation assays, using reagents obtained
from Boehringer Mannheim Diagnostics (product num-
bers 290319 and 701912, respectively, Indianapolis, IN),
as described previously (25).

Production of anti-human apoC-IV antisera

A multiple antigen peptide (MAP) containing eight
copies of a peptide corresponding to amino acid resi-
dues 30-44 of human apoC-IV was synthesized and used
for the production of anti-peptide antibodies (a service
of Research Genetics, Inc., Huntsville, AL). Antisera
were collected from two 3-9-month-old NZ White rab-
bits and serum aliquots were stored at -20°C. Antiserum
samples collected at week 10 of the immunization sched-
ule were applied to Affi-Gel protein A agarose affinity
columns (Pharmacia, Piscataway, NJ) as recommended
by the manufacturer. Antibody eluted from Protein A,
denoted anti-CIV[30-44] IgG, was dialyzed against phos-
phate-buffered saline (PBS), then used in the im-
munoblot analysis described below.

Sodium dodecyl sulfate~polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblot
analysis

Equivalent volumes of plasma or lipoprotein samples
were analyzed by SDS-PAGE using 15% or 4-20% gradi-
ent polyacrylamide gels as described (25). Proteins sepa-
rated by SDS-PAGE were transferred onto nitrocellulose
sheets by electroblotting (26). The nitrocellulose sheets
were incubated for 1 h in 5% (w/v) skim milk, followed
by incubation with apolipoprotein-specific antibodies
for 1 h at room temperature. Anti-CIV[30-44] IgG was
diluted 1 in 1000 in PBS/0.05% (v/v) Tween 20. Antis-
era recognizing mouse apoA-I, apoB, and apoE were
used as described previously (17, 25). Specifically bound
antibodies were detected using a horseradish peroxi-
dase-conjugated secondary antibody followed by chemi-
luminescent detection (ECL kit, Amersham, Arlington
Heights, IL).

Enzymatic deglycosylation

Lipoprotein (d < 1.21 g/ml) samples were dialyzed
against 0.1 M ammonium acetate, pH 5.0. Samples were
lyophilized for glycosidase treatment described below,
or desialylated by adding an equal volume of 0.1 M
ammonium acetate, pH 5.0, containing 0.5 mg/ml neu-
raminidase (Sigma, N-5631) for 2 h at 37°C. The addi-
tion of neuraminidase was repeated, and after another
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2-hincubation at 37°C, the samples were lyophilized and
stored at -20°C.

N-glycanase treatment of d < 1.21 g/ml protein, un-
treated or desialylated, was carried out after denatura-
tion at 95°C for 5 min. Samples were adjusted to 50 pi
of reaction volume containing (final concentrations) 25
mM sodium phosphate, pH 7.2, and 0.4 U of N-glycanase
(N-glycanase F, Boehringer Mannheim, Germany), and
incubated at 37°C for 14 h. O-glycanase digestion was
carried out after denaturation of desialylated samples
with 0.5% SDS at 95°C for 5 min. Protein solutions were
adjusted to 50 pl containing 25 mM sodium phosphate,
pH 7.2, 0.5% Nonidet P40, 0.05% SDS, and 20 mU
O-glycanase (Boehringer Mannheim, Germany), and
incubated at 37°C for 14 h.

RESULTS

Transgenic mice expressing human apoC-IV

To express the human apoC-IV gene in transgenic
mice, a construct (LIVhCIV) containing the human
apoC-IV ¢cDNA, under the transcriptional control of the
human apoE gene promoter and its endogenous liver
enhancer domain, was prepared. This vector was chosen
because other heterologous cDNAs previously cloned
into pLIV11 were expressed at high levels in transgenic
animals, predominantly in the liver (20, 27). We used
this vector instead of the intact gene because our pre-
vious work indicated that the human apoC-IV gene is
poorly expressed in the liver, possibly as a consequence
of a TATA-less promoter (7). The inbred FVB/N strain
of mice was selected to minimize variations in gene
expression between animals. Two independent founder
lines were examined for the expression of human apoC-
IV mRNA in six different tissues including the liver. By
RNase protection analysis, each transgenic line showed
the same pattern of apoC-IV transgene expression, with
the liver having the highest levels of human apoC-IV
mRNA (Fig. 1).

Analysis of human apoC-IV in human and transgenic
mouse plasma

To determine whether human apoC-IV was present
in human or transgenic mouse plasma, anti-peptide
antibodies were raised to amino acid residues 30-44
(EAQEGTLSPPPKLKM) of the predicted human apoC-
IV sequence. This region of human apoC-IV was se-
lected to avoid potential antibody cross-reactivity, as it
shares less than 30% amino acid homology to the corre-
sponding mouse apoC-IV sequence (7). Furthermore,
this region is predicted to contain a B-turn structure,
which is known to facilitate apolipoprotein antibody
production (28, 29). The isolated plasma lipoproteins (d
<1.21 g/ml) of two independent lines of transgenic mice
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and two nontransgenic littermates were analyzed by
SDS-PAGE followed by immunoblotting. The anti-
CIV[30-44] IgG revealed two major bands (of approxi-
mately 18 and 12.5 kDa) in the transgenic lipoproteins,
which were not present in normal mouse lipoproteins
(Fig. 2). Longer exposures of the immunoblots showed
the presence of faint additional bands (of about 14.5-15
and 19 kDa) in the transgenic samples (data not shown).
Comparison of reduced and non-reduced lipoprotein
samples revealed bands of similar electrophoretic mo-
bility (data not shown), indicating that the apoC-IV
protein was not disulfide-linked to other plasma pro-
teins via any of its six cysteine residues.

The predicted molecular masses of nascent human
apoC-IV and of human apoC-IV without its deduced
signal peptide sequence (7) are approximately 14.6 kDa
and 11.9 kDa, respectively. Therefore, the presence of
18 kDa and 12.5 kDa isoforms in plasma suggested that
apoC-IV had undergone post-translational modifica-
tion. To determine whether glycosylation could account
for these apoC-IV isoforms, plasma lipoproteins from
transgenic mice were examined further. Lipoproteins
were treated with neuraminidase, which removes sialic
acid residues from N- and O-linked sugars, resulting in
the identification of four major electrophoretic bands
of approximately 12.5, 14.5, 17.5, and 18.5 kDa (Fig. 2).
To explain this observation, the original untreated
apoC-1V isoforms were separated by gel electrophoresis,
isolated, digested with neuraminidase, then examined
by immunoblot analysis using anti-CIV[30-44] IgG (data
not shown). The 12.5 kDa band was not altered by
neuraminidase, suggesting it is not sialylated (Fig. 2).
The 18 kDa was sialylated because neuraminidase diges-
tion yielded a 17.5 kDa band. Two additional prominent

d<1.21 d<121 d>1.21
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Fig. 2. Immunoblot analysis of mouse (normal and transgenic) and
human lipoproteins. Left panel: pooled lipoprotein (d < 1.21 g/ml)
fractions of two nontransgenic (-) or two transgenic (+) female litter-
mates were either untreated (U) or treated with neuraminidase (N),
and then equal volumes were resolved by denaturing 15% polyacry-
lamide gel electrophoresis. The proteins were transferred to nitrocel-
lulose and reacted with anti-CIV[30-44] IgG. Right panel: plasma
lipoprotein (d < 1.21 g/ml) and d > 1.21 g/ml fractions of neuramini-
dase-treated transgenic mouse (M) and human (H) samples were
resolved by denaturing 15% polyacrylamide gel electrophoresis, and
then immunoblotted as described above. The sizes of protein stand-
ards are indicated on the right of the panel.

bands, 14.5 kDa and 18.5 kDa, were also detected after
neuraminidase treatment. These latter two apoC-IV
bands appeared to be derived from sialylated precursors
(approximately 15 kDa and 19 kDa, respectively) that
were only barely detectable in untreated lipoproteins, as
described above. These findings demonstrate that trans-
genic lipoproteins contain distinct sialylated human
apoC-IV isoforms, and that sialylation impairs the ability
of the specific anti-peptide antibody to recognize two of
these isoforms.

The possible presence of apoC-IV in human plasma
was examined by immunoblot analysis. Anti-CIV[30-44]
IgG was not able to detect apoC-IV in the d < 1.21 g/ml
lipoprotein or d > 1.21 g/ml non-lipoprotein fractions
of normal adult human plasma. However, immunoblot
analysis of transgenic lipoproteins showed that certain
apoC-IV isoforms were readily detected by anti-C-
1V[30-44] IgG only after desialylation. Neuraminidase
treatment of human lipoprotein (d < 1.21 g/ml) or
non-lipoprotein (d > 1.21 g/ml) fractions did not reveal
the presence of apoC-IV (Fig. 2), under conditions that
reduced the molecular mass of sialylated isoforms of
human apoC-III as determined by immunoblot analysis
(data not shown). Therefore, it is unlikely that apoC-IV
is present in normal adult human plasma.

To characterize further the carbohydrate modifica-
tion of apoC-IV, transgenic lipoproteins were treated
with N-glycanase or O-glycanase. N-glycanase treatment
of denatured proteins removes N-linked oligosaccharide
chains at asparagine, converting it to aspartic acid. Treat-
ment of denatured sialylated or desialylated transgenic
lipoproteins with N-glycanase resulted in the disappear-
ance of the higher molecular weight apoC-IV bands (Fig.
3). The presence of an asparagine at residue 63 of
apoC-IV within a consensus site for N-glycosylation (Asn-
X-Thr) is consistent with this finding. These observa-
tions suggest that the high molecular weight apoC-IV
bands represent isoforms containing a complex N-
linked oligosaccharide at asparagine 63 that undergoes
variable sialylation. O-glycanase treatment of denatured
and desialylated proteins, which removes O-linked oli-
gosaccharide chains at serine or threonine residues, had
essentially no effect on the molecular sizes of the apoC-
IV isoforms (Fig. 3).

Alterations in plasma lipoproteins in
apoC-IV-transgenic mice

To determine whether the expression of human
apoC-IV had altered plasma lipid levels, total plasma
cholesterol and triglyceride levels were determined for
transgenic and nontransgenic littermates. Transgenic
mice (fasted for 4 h) had a 2-fold elevation in plasma
triglyceride levels compared to controls (Table 1), with
little difference in cholesterol levels between the two
groups. Similar elevations in plasma triglycerides also

Allan and Taylor Human apolipoprotein C-IV transgenic mice 1513
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Fig. 3. Immunoblot analysis of glycosidase-treated human apoC-IV
transgenic mouse lipoproteins. Pooled plasma lipoproteins (d < 1.21
g/ml) of two female transgenic mice were treated with neuraminidase,
N-glycanase, or O-glycanase as described. Equal amounts of untreated
or treated samples were resolved by denaturing 15% polyacrylamide
gel electrophoresis, then immunoblotted using anti-CIV[30-44] IgG.
Both neuraminidase- and neuraminidase/O-glycanase-treated sam-
ples were adjusted to the conditions of O-glycanase treatment. The
sizes of protein standards are shown on the right.

were observed in male transgenic mice expressing hu-
man apoC-IV (data not shown).

To determine whether expression of human apoC-IV
had effected the plasma lipoproteins of transgenic mice,
plasma fractions were isolated by Superose 6 chroma-
tography, as described in Materials and Methods. Equal
volumes of plasma samples from six transgenic female
or six nontransgenic female littermates were pooled and
applied to the column. The cholesterol and triglyceride
levels of the isolated fractions are shown in Fig. 4.
Previous studies have determined the distribution of the
various mouse plasma lipoproteins in fractions collected
from Superose 6 chromatography (25). Compared to
nontransgenic littermates, mice expressing human
apoC-IV had elevated triglyceride and cholesterol levels
associated with the region of the chromatographic pro-
file corresponding to very low density lipoprotein
(VLDL) (fractions 22-26). In addition, transgenic mice
showed an altered cholesterol profile in the LDL/large
high density lipoprotein (HDL) region (fractions
38-48), relative to control animals. Transgenic mice had
larger cholesterol-containing particles in the LDL/large
HDL region (fractions 38-42), and the region with
intermediate HDL species (fractions 44-48) appeared
to contain slightly lower levels of cholesterol (Fig. 4). The
small HDL region (fractions 50-56) contained similar
levels of cholesterol in both transgenic and nontrans-
genic samples.

The presence of human apoC-IV in the lipoprotein
fractions was determined by SDS-PAGE followed by
immunoblot analysis using anti-CIV[30-44] IgG. In the
lipoprotein fractions of transgenic animals, human
apoC-1V was found mainly in the VLDL region (fractions
22-25), as shown in Fig. 5. Low levels of human apoC-IV
also were detected in the fractions containing interme-
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diate density lipoproteins (IDL), LDL, and HDL. As
expected, the apoC-IV that was detected in these un-
treated (i.e., not digested with neuraminidase) lipopro-
tein fractions corresponded to the two major apoC-IV
bands detected in the untreated total plasma lipoprote-
ins (Fig. 2). The band in the nontransgenic lane of
fractions 49-56, in the region of apoC-1V, is due to
cross-reactivity of anti-CIV[30-44] IgG with an under-
fined mouse plasma protein. It had a slightly greater size
than the lower apoC-IV band and was found in the
plasma of only one of the six normal littermates (data
not shown). The presence of human apoC-IV in the
VLDL of transgenic mice was also confirmed by silver
staining of VLDL proteins (fractions 22-25) separated
by SDS-PAGE (Fig. 6). Four major protein bands were
observed in transgenic VLDL, that were not present in
nontransgenic VLDL. The lowest and second highest
molecular size bands corresponded to the two major
apoC-1V forms detected in lipoproteins (not treated with
neuraminidase) by immunoblot analysis (Fig. 2 and Fig.
5). The other two apoC-IV species represent the iso-
forms that were not readily detected by anti-CIV[30-44]
IgG (Fig. 2). Human apoC-IV levels in transgenic mouse
plasma were estimated by densiometric analysis, and
found to be similar to the apoC-III levels, approximately
5-10 mg/dl.

Examination of the apolipoprotein content of pooled
Superose 6 chromatography fractions by SDS-PAGE and
immunoblot analysis showed that the distribution of
mouse apoB and apoE were similar in transgenic and
nontransgenic fractions (Fig. 5). However, human apoC-
IV transgenic mice had increased levels of apoB-100 and
apoB-48 in the VLDL and large remnant lipoprotein-
containing fractions, compared to normal controls (frac-
tions 22-29, Fig. 5). In addition, densiometric scanning
of these gels showed that the VLDL (fractions 22-25) of
transgenic mice had a 2-fold increase in the apoB-
100:apoE ratio, and a 40% increase in the apoB-48:apoE
ratio, relative to the apoB:apok ratios of corresponding
nontransgenic fractions. Large remnant lipoproteins
(fractions 26-29) of transgenic mice showed a 3-fold
increase in the apoB-48:apoE ratio, relative to the ratio
of normal mice. Thus, the apoB-containing triglyceride-
rich lipoproteins of human apoC-IV transgenic mice had
a relative reduction in apoE content when compared to

TABLE 1. Plasma lipid levels of nontransgenic and human
apoC-1V transgenic female mice

Nontransgenic Transgenic

mg/dl
Cholesterol 102 +18 116 + 13
Triglyceride 156 + 46 324 +21

Data are presented as mean * standard deviation, with n = 6

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

A A N a

A

" ASBMB

JOURNAL OF LIPID RESEARCH

i

-o-Nontransgenic

—g. i —e-Transgenic
B
§ 100
= d
o
g s0-
>
(=]
= E
—

n 000000000000,000000000000000000000040000NmmEE

v hae o T v v T

Cholesterol (ug/fraction)

Fraction Number

Fig. 4. Superose 6 chromatography of transgenic and nontransgenic
mouse plasma. A 250-ul aliquot of six pooled transgenic or nontrans-
genic (normal littermates) plasma samples were injected into a Su-
perose 6 column, and 0.25-ml fractions were collected. Triglyceride
(top panel) and cholesterol (bottom panel) levels were determined for
each fraction; (O-O) nontransgenic plasma; (®-@) transgenic plasma.

the corresponding nontransgenic lipoproteins. Im-
munoblot analysis of fractions 38-47, which are known
to contain LDL and large HDL (25), showed no change
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in the levels of apoB-100 and apoB-48 in both transgenic
and nontransgenic lipoproteins. However, the trans-
genic lipoproteins in fractions 38-47 contained higher
levels of mouse apoA-I relative to nontransgenic con-
trols (Fig. 5). These observations may indicate that the
altered cholesterol profile of this region is in part due
to the appearance of larger apoA-l-containing HDL
particles.

DISCUSSION

We have expressed a newly described human apolipo-
protein, apoC-1V, in the plasma of transgenic mice.
Analysis of this animal model supports the proposal that
the human apoC-IV gene is a member of the apolipo-
protein gene family (7). In addition, expression of hu-
man apoC-IV in transgenic mice resulted in an interest-
ing model of hypertriglyceridemia. We observed
changes in the plasma triglyceride levels that resembled
the hypertriglyceridemic phenotypes found in transgenic
mice expressing apoC-I, apoC-11, and apoC-1II (16-19).

The human apoC-IV in transgenic mice was found
associated with plasma lipoproteins, mostly in the VLDL
fraction. This finding is consistent with the predicted
lipid-binding structure of the apoC-IV molecule, which
indicated two amphipathic o-helical regions that are
typical of the lipid-binding domains of the other apolipo-
proteins in this gene family. Plasma apoC-IV was not
found to be disulfide-linked to any other plasma protein,
and it was present in four distinct isoforms, of 12.5-19
kDa as determined by SDS-PAGE. The high molecular
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22-25 26-29

38-42  43-47  49-56

Elution Fractions

Fig. 5. Immunoblot analysis of lipoproteins separated by Superose 6 chromatography. Gel filtration fractions
of nontransgenic (-) or transgenic (+) plasma samples were pooled, and equal volumes were resolved by
denaturing 4-20% gradient polyacrylamide gel electrophoresis. The two panels (indicating separate gels) show
the distributions of mouse apoB-100, apoB-48, apoE, and apoA-I, as well as human apoC-1V, determined by
immunoblot analysis using specific antibodies. The migration positions of the specific apolipoproteins are

indicated on the left.
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Fig. 6. Detection of human apoC-IV in VLDL of transgenic mice by
silver staining. Equal volumes of nontransgenic (-) or transgenic (+)
VLDL fractions obtained after Superose 6 chromatography were
resolved by denaturing 4-20% gradient polyacrylamide gel electro-
phoresis and visualized by silver staining (37). The bands correspond-
ing to the apoC-1V isoforms are indicated (@).

mass isoforms of apoC-IV were determined to be due to
complex N-linked oligosaccharides having variable sialy-
lation, thereby contributing to the observed heteroge-
neity. Other human apolipoproteins, such as apoC-III
and apokE, also are found in the plasma in different
sialylated isoforms (30, 31). However, the physiological
significance of the variable sialic acid modifications of
these apolipoproteins remains unknown.

The expression of human apoC-IV in mice resulted in
elevated levels of plasma triglycerides, due to an accu-
mulation of VLDL. Transgenic mice expressing the
three known human C apolipoproteins, apoC-I (19),
apoC-II (18), and apoC-III (16, 17) are known to be
hypertriglyceridemic. The present observation of hyper-
triglyceridemia in human apoC-IV transgenic mice sug-
gests that the human C apolipoproteins all share a
common property that enables each of them to modu-
late triglyceride metabolism via a similar mechanism.

Recent studies in transgenic mice showed that overex-
pression of human apoC-II or apoC-III inhibited apoE-
mediated uptake of triglyceride-rich VLDL (16-18). In
vitro studies have shown that apoC-I and apoC-II both
inhibit the binding of B-VLDL to the LRP-receptor (14,
32), predominantly by the displacement of apoE from
B-VLDL. Similar studies have shown that the addition of
apoC-I, apoC-II, or apoC-III can inhibit the apoE-de-
pendent interaction of VLDL and IDL with the LDL
receptor (13). Thus, an excess of C apolipoprotein im-
pairs the apoE-mediated interaction of triglyceride-rich
lipoproteins with receptors. Considering these findings,
the elevated plasma triglycerides and increased
apoB:apoE ratio of triglyceride-rich lipoproteins in hu-
man apoC-IV transgenic mice, relative to the corre-
sponding values of nontransgenic controls, are consis-
tent with an accumulation of VLDL. Itis noteworthy that
the expression of human apoC-IV in mice had no direct
effect on the lipolytic activities of plasma. The plasma
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total lipase and hepatic lipase activities of human apoC-
IV mice were comparable to the levels of nontransgenic
littermates (H. Dichek and C. Allan, unpublished obser-
vations).

We were unable to detect human apoC-IV in adult
human plasma using the anti-apoC-IV antibody. This
finding supports our previous observation of only low
levels of apoC-IV mRNA in human liver, relative to that
of apoC-II mRNA (7). The low expression of the human
apoC-IV gene may be due to the lack of a TATA-box
motif in the promoter, a unique characteristic of this
gene locus. Taken together, these observations suggest
that human apoC-IV may not be active in normal adults.
A comparison of the known apoC-IV sequences of dif-
ferent species (mouse, rat, and monkey) reveals a high
degree of conservation in the coding regions of the
apoC-IV gene (7), implying that it may have a useful
physiological function.? For example, the apoC-IV gene
might be expressed at higher levels during an earlier
developmental stage, or during inflammation or dis-
ease. Other clusters of evolutionarily related genes, such
as the human albumin or globin multigene loci, contain
genes that are only expressed in a developmental stage-
specific manner (33, 34). In addition, lipoproteins con-
tain proteins that are only expressed at high levels
during specific responses, such as the increased levels of
apo] and serum amyloid protein found associated with
lipoproteins during acute immune responses (35, 36).
Whether or not human apoC-IV shares any of these
characteristics remains to be determined.

In summary, we have shown that the human apoC-1V
gene encodes a lipid-binding protein, a finding that
supports its inclusion into the apolipoprotein multigene
family. In addition, apoC-IV overexpression in trans-
genic mice affected plasma triglyceride metabolism,
resulting in hypertriglyceridemia. This particular lipid
phenotype is found in transgenic mice that express each
of the other previously characterized human C apolipo-
proteins. Overall, our results unequivocally demon-
strate that human apoC-IV is a member of the apolipo-
protein family. However, as it appears to be absent in
human plasma, the normal physiological role of human
apoC-IV remains unclear. Whether this human protein
has an undefined specific role in lipid metabolism or
functions in a process unrelated to lipoprotein metabo-
lism remains to be determined.B

We thank Amy Corder and John Carroll for their assistance in
the preparation of this manuscript and David Walker and

?After this manuscript was submitted, a report by Zhang, L-H., L.
Kotite, and R. J. Havel (1996. J. Biol. Chem. 271: 1776-1783) identified
an apoC-IV homolog in rabbit plasma lipoproteins.

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

Stacy Taylor for their excellent technical assistance. This re-
search was funded in part by National Institutes of Health
Grant HL-37063 and a Fellowship from the American Heart
Association, California Affiliate.

Manuscript received 22 January 1996 and in revised form 3 April 1996.

10.

11

12.

13.

14.

REFERENCES

. Smit, M., E. van der Kooij-Meijs, R. R. Frants, L. Havekes,

and E. C. Klasen. 1988. Apolipoprotein gene cluster on
chromosome 19. Definite localization of the APOC2 gene
and the polymorphic Hpal site associated with type III
hyperlipoproteinemia. Hum. Genet. 78: 90-93.
Myklebost, O., and S. Rogne. 1988. A physical map of the
apolipoprotein gene cluster on human chromosome 19.
Hum. Genet. 78: 244-247.

Lauer, S. J., D. Walker, N. A. Elshourbagy, C. A. Reardon,
B. Levy-Wilson, and J. M. Taylor. 1988. Two copies of the
human apolipoprotein C-I gene are linked closely to the
apolipoprotein E gene. J. Biol. Chem. 263: 7277-7286.

. Li, W-H., M. Tanimura, C-C. Luo, S. Datta, and L. Chan.

1988. The apolipoprotein multigene family: biosynthesis,
structure, structure-function relationships, and evolution.
J. Lipid Res. 29: 245-271.

. Elshourbagy, N. A., D. W. Walker, M. S. Boguski, J. L

Gordon, and J. M. Taylor. 1986. The nucleotide and derived
amino acid sequence of human apolipoprotein A-TV mRNA
and the close linkage of its gene to the genes of apolipopro-
teins A-1 and CHIL J. Biol. Chem. 261: 1998-2002.

. Protter, A. A., B. Levy-Wilson, J. Miller, G. Bencen, T.

White, and J. J. Seilhamer. 1984. Isolation and sequence
analysis of the human apolipoproteinCIII gene and the
intergenic region between the apoAl and apoCIII genes.
DNA. 3: 449-456.

. Allan, C. M., D. Walker, J. P. Segrest, and J. M. Taylor.

1995. Identification and characterization of a new human
gene (APOC4) in the apolipoprotein E, C-I, and C-II gene
locus. Genomics. 28: 291-300.

. Brown, M. S,, and J. L. Goldstein. 1986. A receptor-medi-

ated pathway for cholesterol homeostasis. Science. 232:
34-47.

. Mahley, R. W,, and T. L. Innerarity. 1983. Lipoprotein

receptors and cholesterol homeostasis. Biochim. Biophys.
Acta. 737: 197-222.

Beisiegel, U., W. Weber, G. Thrke, J. Herz, and K. K.
Stanley. 1989. The LDL-receptor-related protein, LRP, is
an apolipoprotein E-binding protein. Nature. 341: 162-164.
Ji, ZS., S. Fazio, Y-L. Lee, and R. W. Mahley. 1994.
Secretion-capture role for apolipoprotein E in remnant
lipoprotein metabolism involving cell surface heparan
sulfate proteoglycans. J. Biol. Chem. 269: 2764-2772.
Breckenridge, W. C., J. A. Little, G. Steiner, A. Chow, and
M. Poapst. 1978. Hypertriglyceridemia associated with
deficiency of apolipoprotein C-Il. N. Engl. J. Med. 298:
1265-1273.

Sehayek, E., and S. Eisenberg. 1991. Mechanisms of inhi-
bition by apolipoprotein C of apolipoprotein E-depend-
ent cellular metabolism of human triglyceride-rich lipo-
proteins through the low density lipoprotein receptor
pathway. J. Biol. Chem. 266: 18259-18267.

Weisgraber, K. H., R. W. Mahley, R. C. Kowal, J. Herz, J.
L. Goldstein, and M. S. Brown. 1990. Apolipoprotein C-I
modulates the interaction of apolipoprotein E with f-mi-
grating very low density lipoproteins (B-VLDL) and inhib-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

26.

27.

its binding of B-VLDL to low density lipoprotein recep-
tor-related protein. J. Biol. Chem. 265: 22453-22459.
Anantharamaiah, G. M., M. K. Jones, and J. P. Segrest.
1993. An atlas of the amphipathic helical domains of
human exchangeable plasma apolipoproteins. In The Am-
phipathic Helix. R. M. Epand, editor. CRC Press, Boca
Raton, FL. 109-142.

Aalto-Setild, K., E. A. Fisher, X. Chen, T. Chajek-Shaul,
T. Hayek, R. Zechner, A. Walsh, R. Ramakrishnan, H. N.
Ginsberg, and J. L. Breslow. 1992. Mechanism of hyper-
triglyceridemia in human apolipoprotein (apo) CIII trans-
genic mice. Diminished very low density lipoprotein frac-
tional catabolic rate associated with increased apoCIII
and reduced apoE on the particles. J. Clin. Invest. 90:
1889-1900.

de Silva, H. V., S. ]. Lauer, J. Wang, W. S. Simonet, K. H.
Weisgraber, R. W. Mahley, and J. M. Taylor. 1994. Over-
expression of human apolipoprotein CII in transgenic
mice results in an accumulation of apolipoprotein B48
remnants that is corrected by excess apolipoprotein E. J.
Biol. Chem. 269: 2324-2335.

Shachter, N. S., T. Hayek, T. Leff, ]J. D. Smith, D. W.
Rosenberg, A. Walsh, R. Ramakrishnan, I. . Goldberg, H.
N. Ginsberg, and ]J. L. Breslow. 1994. Overexpression of
apolipoprotein CII causes hypertriglyceridemia in trans-
genic mice. J. Clin. Invest. 93: 1683-1690.

Simonet, W. S., N. Bucay, R. E. Pitas, S. J. Lauer, and J.
M. Taylor. 1991. Multiple tissue-specific elements control
the apolipoprotein E/C-I gene locus in transgenic mice.
J. Biol. Chem. 266: 8651-8654.

Fan, ], J. Wang, A. Bensadoun, S. J. Lauer, Q. Dang, R.
W. Mahley, and J. M. Taylor. 1994. Overexpression of
hepatic lipase in transgenic rabbits leads to a marked
reduction of plasma high density lipoproteins and inter-
mediate density lipoproteins. Proc. Natl. Acad. Sci. USA.
91: 8724-8728.

Simonet, W. S., N. Bucay, S. J. Lauer, and J. M. Taylor.
1993. A far-downstream hepatocyte-specific control re-
gion directs expression of the linked human apolipopro-
tein E and C-I genes in transgenic mice. J. Biol. Chem. 268:
8221-8229.

Simonet, W. S, N. Bucay, S. J. Lauer, D. O. Wirak, M. E.
Stevens, K. H. Weisgraber, R. E. Pitas, and J. M. Taylor.
1990. In the absence of a downstream element, the
apolipoprotein E gene is expressed at high levels in kid-
neys of transgenic mice. J. Biol. Chem. 265: 10809-10812.
MacDonald, R. J., G. H. Swift, A. E. Przybyla, and J. M.
Chirgwin. 1987. Isol?tion of RNA using guanidinium
salts. Methods Enzymol. 152: 219-227.

Gilman, M. 1993. Ribonuclease protection assay. In Cur-
rent Protocols in Molecular Biology. Vol. 1. F. M. Ausubel,
R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, ].
A. Smith, and K. Struhl, editors. John Wiley & Sons, New
York. 4.7.1-4.7.8.

de Silva, H. V., J. M4s-Oliva, J. M. Taylor, and R. W.
Mahley. 1994. Identification of apolipoprotein B-100 low
density lipoproteins, apolipoprotein B48 remnants, and
apolipoprotein E-rich high density lipoproteins in the
mouse. J. Lipid Res. 35: 1297-1310.

Towbin, H., T. Staechelin, and J. Gordon. 1979. Electro-
phoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications.
Proc. Natl. Acad. Sci. USA. 76: 4350-4354.

Yamanaka, S., M. E. Balestra, L. D. Ferrell, J. Fan, K. S.
Arnold, S. Taylor, J. M. Taylor, and T. L. Innerarity. 1995.

Allan and Taylor Human apolipoprotein C-IV transgenic mice 1517

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

28.

29.

31.

32

Apolipoprotein B mRNA-editing protein induces hepato-
cellular carcinoma and dysplasia in transgenic animals.
Proc. Natl. Acad. Sci. USA. 92: 8483-8487.

Alian, C. M., N. H. Fidge, and J. Kanellos. 1992. Antibodies to
the carboxyl terminus of human apolipoprotein A-L. The puta-
tive cellular binding domain of high density lipoprotein 3 and
carboxyl-terminal structural homology between apolipopro-
tein A-Tand A-IL /. Biol. Chem. 267: 13257-13261.

Curtiss, L. K., and R. 8. Smith. 1988. Localization of two
epitopes of apolipoprotein A-I that are exposed on human
high density lipoproteins using monoclonal antibodies
and synthetic peptides. J. Biol. Chem. 263: 13779-13785.

. Wernette-Hammond, M. E,, S. J. Lauer, A. Corsini, D.

Walker, J. M. Taylor, and S. C. Rall, Jr. 1989. Glycosylation
of human apolipoprotein E. The carbohydrate attach-
ment site is threonine 194. J. Biol. Chem. 264: 9094-9101.
Vaith, P., G. Assmann, and G. Uhlenbruck. 1978. Charac-
terization of the oligosaccharide side chain of apolipopro-
tein C-III from human plasma very low density lipoprote-
ins. Biochim. Biophys. Acta. 541: 234-240.

Swaney, ]. B., and K. H. Weisgraber. 1994. Effect of
apolipoprotein C-I peptides on the apolipoprotein E con-

1518 Journal of Lipid Research Volume 37, 1996

34.

35.

36.

37.

tent and receptor-binding properties of beta-migrating
very low density lipoproteins. J. Lipid Res. 35: 134-142.

. Bélanger, L., S. Roy, and D. Allard. 1994. New albumin

gene 3’ adjacent to the o-fetoprotein locus. J. Biol. Chem.
269: 5481-5484.

Peschle, C., F. Mavilio, A. Care¢, G. Migliaccio, A. R.
Migliaccio, G. Salvo, P. Samoggia, S. Petti, R. Guerriero,
M. Marinucci, D. Lazzaro, G. Russo, and G. Mastrober-
ardino. 1985. Haemoglobin switching in human embryos:
asynchrony of { — c.and € — y-globin switches in primitive
and definitive erythropoietic lineage. Nature. 313: 235-238.
Hardardéttir, 1., S. T. Kunitake, A. H. Moser, W. T. Doerrler,
J. H.Rapp, C. Griinfeld, and K. R. Feingold. 1994. Endotoxin
and cytokines increase hepatic messenger RNA levels and
serum concentrations of apolipoprotein J (clusterin) in Syr-
ian hamsters. J. Clin. Invest. 94: 1304-1309.

Hoffman, ].S., and E. P. Benditt. 1982. Secretion of serum
amyloid protein and assembly of serum amyloid protein-
rich high density lipoprotein in primary mouse hepato-
cyte culture. J. Biol. Chem. 257: 10518-10522.
Morrissey, . H. 1981. Silver stain for proteins in polyacry-
lamide gels: a modified procedure with enhanced uni-
form sensitivity. Anal. Biochem. 117: 307-310.

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

