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Abstract Apolipoprotein J (apo]), a glycoprotein associated
with subclasses of plasma high density lipoproteins (HDL), was
found to accumulate in aortic lesions in a human subject with
transplantation-associated arteriosclerosis and in mice fed a
high-fat atherogenic diet. Foam cells present in mouse aortic
valve lesions expressed apg] mRNA, suggesting local synthesis
contributes to apo]’s localization in atherosclerotic plaque. As a
prerequisite for elucidating the physiological function of apof by
using a mouse model, cDNA clones representing the mouse
homolog of apo] were isolated, characterized, and sequenced.
The nucleotide sequence predicts a 448 amino acid, 50,260 dal-
ton protein. There was 81% nucleotide sequence similarity be-
tween mouse and human apo], and 75% similarity at the amino
acid level. Mouse apo] contains six potential N-glycosylation
sites, a potential Arg-Ser cleavage site to generate @ and § sub-
units, a cluster of five cysteine residues in each subunit, three
putative amphipathic helices, and four potential heparin-
binding domains. Southern blot analysis indicates that the gene
encompasses ~ 23 kb of DNA. Recombinant inbred strains were
used to map apo] to mouse chromosome 14, tightly linked to
Mtv-11. All of the transcribed portions of the gene were cloned
and analyzed, and all intron-exon boundaries were defined. The
first of the 9 exons is untranslated. Single exons encode the sig-
nal peptide, the cysteine-rich domain in the o subunit, two
potential amphipathic helices flanking a heparin-binding con-
sensus sequence, and a potential amphipathic helix overlapping
a heparin-binding domain, supporting their potential functional
significance in apoJ. A variety of mouse tissues constitutively ex-
press a 1.9 kb apo] mRNA, with apparently identical transcrip-
tional start sites utilized in all tissues tested. Apg] mRNA was
most abundant in stomach, liver, brain, and testis, with inter-
mediate levels in heart, ovary, and kidney. B The high degree
of similarity between mouse and human apo], in structure and
distribution of the gene product, gene structure, and deposition
in atherosclerotic plaques, suggests that the mouse is an ideal
model with which to elucidate the role of apo] in HDL metabo-
lism and atherogenesis.—Jordan-Starck, T. C., S. D. Lund,
D. P. Witte, B. J. Aronow, C. A. Ley, W. D. Stuart, D. K.
Swertfeger, L. R. Clayton, S. F. Sells, B. Paigen, and J. A. K.
Harmony. Mouse apolipoprotein J: characterization of a gene
implicated in atherosclerosis. . Lipid Res. 1994. 35: 194-210.
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Our understanding of the proteins and processes
underlying the initiation and progression of atherosclero-
sis remains limited, in spite of monumental efforts by
basic research and clinical investigators. A major thrust of
research in this area has been to provide molecular links
between risk factors and the disease process. In contrast
to numerous factors that predispose an individual to pre-
mature atherosclerosis, e.g., elevated levels of low density
lipoproteins (LDL) and smoking, elevated levels of high
density lipoproteins (HDL) appear to exert a “protective”
effect as they are inversely correlated with risk (1). The ge-
netically inbred mouse has proven to be an informative
model system for dissection of the impact of specific gene
products on lipoprotein metabolism, particularly that of
HDL, and the pathophysiology of atherosclerosis (2-5).
For example, three genes, Ath-1, Ath-2, and Ath-3, influ-
ence HDL levels and susceptibility to atherosclerosis in
the mouse (2-5). This study was undertaken to determine
whether the mouse model can be used to provide similar
insight into the role of a recently discovered HDL-
protein, apolipoprotein J (apof),® in atherosclerosis.

Abbreviations: apo, apolipoprotein; BSA, bovine serum albumin;
CBB, Coomassie brilliant blue; CLI, complement lysis inhibitor; ¢cM,
centimorgan; Denhardts, 50X = 1% BSA, 1% ficoll, 1% polyvinyl-
pyrrolidine; HBD, heparin-binding domain; HDL, high density lipo-
proteins; HRP, horseradish peroxidase; LC, leukocyte common antigen;
LDL, low density lipoproteins; PBS, phosphate-buffered saline; RFLP,
restriction fragment length polymorphism; RI, recombinant inbred;
SDP, strain distribution pattern; SDS, sodium dodecyl sulfate; SGP-2,
sulfated glycoprotein-2; SP-40,40, serum protein 40-40; SSC, 20X =
3 M NaCl, 0.3 M sodium citrate; SSPE, 20X = 0.2 M NH,PO,H,0,
0.02 M EDTA, 3 M NaCl; TxAA, transplant-associated arteriosclerosis.

ICurrent address: McLaughlin Research Institute, 1520 23rd Street
South, Great Falls, MT 59401.

2To whom correspondence should be addressed at: Department of
Pharmacology and Cell Biophysics, College of Medicine, University of
Cincinnati, 231 Bethesda Avenue, Cincinnati, OH 45267-0575.

3Apolipoprotein J has also been designated clusterin, complement ly-
sis inhibitor, glycoprotein I1I, glycoprotein 80, serum protein 40-40, sul-
fated glycoprotein-2, and testosterone repressed prostate message-2.
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Apo], a secretory glycoprotein of vertebrates, is a com-
ponent of most physiological fluids (6, 7). The function of
apa] is unknown. In human blood, apo], a disulfide-linked
heterodimer (apoJa) produced by internal cleavage of
proapo], is associated with heterogeneous subclasses of
a2-migrating HDL (8-11), suggestive of a lipid transport
function. Two lines of evidence implicate apo]’s involve-
ment in atherosclerosis. Apo] is concentrated in adult
femoral artery atherosclerotic plaques (12). In contrast,
morphologically healthy adult arteries contain little or no
apo]. Platelets, which have been strongly implicated in
the pathogenesis of atherosclerosis, store apo] in o-
granules and release it in response to thrombin, collagen,
and adenosine diphosphate activation (12, 13). No other
apolipoprotein has been localized to platelets. Moreover,
apo], present in plasma of normolipidemic individuals at
a concentration of about 10 mg/dl, is positively correlated
with plasma cholesterol, triglyceride, apoB, and apoE in
plasma obtained from hyperlipidemic subjects (14). Thus,
apo] present in femoral artery lesions may be derived
from the plasma and/or from localized platelet activation
in regions of arterial damage.

The presence of apg] in atherosclerotic plaque may
augment or retard the development of these lesions, or
may simply be a passive marker of vascular injury. To de-
termine whether apo] may have an active role in the
pathogenesis of atherosclerotic plaque or in other related
vascular pathologies, we have investigated its presence in
other types of atherosclerotic lesions, such as in
transplant-associated arteriosclerosis (TxAA) in the human
heart and in diet-induced aortic valve lesions in mice.
We report here that accumulation of apa] appears to be
a feature common to many types of vascular lesions as-
sociated with lipid deposition. Finding apoJ in aortic
valve lesions in the diet-induced model of atherosclerosis
in the mouse provides a rationale to manipulate the
mouse apo] gene as a test for its role in atherosclerosis. In
order to develop this strategy we have isolated and charac-
terized the mouse apg] cDNA and gene and mapped the
chromosomal location of the gene.

METHODS

¢DNA library screening and sequencing

A Azap mouse (C57BL/6 x CBA Fl, female) liver
cDNA library (Stratagene, La Jolla, CA) was screened (8 x
105 plaques) with a high-stringency hybridization solution
that contained 6x SSC, 10x Denhardts, 1% sodium
dodecyl sulfate (SDS), 100 pug/ml of sheared denatured
salmon sperm DNA, and 10 pg/ml of polyA at 65°C. The
probe used was a 733 bp E¢RI fragment of the human
cDNA clone -3 (15), labeled with [a-32P)dATP to high
specific activity by the random priming method (16),
using a commercially available kit (Stratagene). In vivo

excision of plasmid DNA from the phage isolates was per-
formed, according to the supplier’s instructions, and
c¢DNA fragments were subcloned into M13mpl18 or mp19
(17) for sequencing by the quasi-end labeling adaptation
of the dideoxy chain-termination method (18).

To obtain the sequence of the mouse apq] mRNA that
was missing from the 5' end of the mouse apg] cDNA, the
5'-RACE procedure, devised by Frohman, Dush, and
Martin (19) was used as modified by GIBCO/BRL
(Gaithersburg, MD). Epididymal mRNA (1 pg) was
reverse-transcribed, using an apo]J-specific antisense oligo-
nucleotide primer corresponding to nucleotides 518-537
of the deduced ¢DNA (see Fig. 3). First strand cDNA was
C-tailed and subjected to PCR amplification, using a dI-
modified polyG anchor primer (BRL) and a nested apo]
primer corresponding to the antisense complement of
nucleotides 475-494 of the deduced cDNA. Upon agarose
gel electrophoresis a single band of approximately 500 bp
was obtained, purified, and subcloned into the PCR clon-
ing vector pI'7 (Novagen Cloning Systems, Madison, WI)
for sequence analysis.

Genomic DNA library screening and sequencing

A Npasg mouse genomic library (Stratagene) prepared
from DNA isolated from strain Svi29 male mice (pro-
vided by Dr. Marcia Shull, Cincinnati, OH) was screened
with a human apgj ¢cDNA probe mixture that contained
two ¢cDNAs, a 1:1 mol ratio of a 733 and 824 bp EcRI
fragments that encompass the entire coding region of the
mature human protein through the polyA tail (15), labeled
by nick translation. Hybridization was performed over-
night at 60°C in 6x SSC, 0.02 M Tris-HCI, pH 7.5, 2x
Denhardt’s solution, 0.5% SDS, 1 mM EDTA, 45 pg/ml
salmon sperm DNA, and 10% dextran sulfate. Filters
were washed in 2x SSC/0.1% SDS at 60°C and auto-
radiographed overnight at —80°C. Nine positive clones
were obtained from a total of 2 x 10¢ plaques. The DNA
fragments corresponding to apoJ-hybridizable regions
were subcloned into the vector pBluescript II (Stratagene)
and either sequenced directly (20) or treated with Exo-
nuclease III and mung bean nuclease to generate nested
deletions (Stratagene) and then sequenced. Sequencing
reactions were performed using phagemid templates, de-
natured in 0.2 N NaOH and heated at 65°C for 10 min,
7-deaza-2'-deoxy-5'-guanosine triphosphate, and Sequenase
version 2.0 (US Biochemical, Cleveland, OH). Sequenc-
ing reaction products were electrophoresed through an
8% Sequagel (National Diagnostics, Atlanta, GA).

Southern hybridization analysis

Mouse genomic DNA (10 ug) prepared from strain
Sv129 male mice was subjected to restriction analysis and
electrophoresed through a 0.8% agarose/ix TBE gel,
using standard procedures. The DNA was depurinated,
denatured, neutralized, and transferred onto Gene Screen
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Fig. 1. Localization of apo] in coronary artery plaques in transplantation arteriosclerosis. Panel A (50x) shows
an H&E stained cross-section of a coronary artery from a patient with TxAA. The lumen is nearly obliterated by
concentric intimal proliferation. Panel B (120 x) shows immunohistochemical staining for LC in the TxAA lesion.
There are numerous infiltrating mononuclear inflammatory cells in the intimal lesion. Panel C (50 x) shows an Oil
Red O stain for neutral lipids. There are focal lipid deposits that localize primarily to the interface between the in-
tima and media. Panel D (250 x ) shows immunofluorescence for apo] in the TxAA lesions. The distribution of apg]
protein is indicated by the green fluorescent signal. The apo] deposition is similar to the fat deposits in the transplant
lesions. This photomicrograph shows positive signal at the interface between the proliferative intima and the media
and some weaker staining in the media.
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Plus membrane (NEN/DuPont, Boston, MA) by capillary
action, according to the manufacturer’s instructions. The
DNA was hybridized to mouse apo] cDNA (clone 2-1),
labeled by the random primer method (16), at 68°C in the
SSC-Tris solution indicated above except the SSC was 4 x
concentrated. The membrane was washed in 0.1x
SSC/0.1% SDS at 68°C and exposed at -80°C to Kodak
(Rochester, NY) XAR-5 film, using intensifying screens.

RNA isolation and blot hybridization analysis

Mice (A/], C57BL/6, FVB/N) were purchased from
Jackson Laboratories (Bar Harbor, ME). Swiss Webster
tissues were purchased from Pel-Freez (Rogers, AR).
Total RNA was extracted from mouse tissues by the
modified procedure of Chomczynski and Sacchi (21),
using RNAzol (Biclecx Labs, Houston, TX). RNA was
quantitated by measuring its absorbance at 260 nm. RNA
samples (10 pg) were denatured and then subjected to
electrophoresis through a 1% agarose, 2.2 M formalde-
hyde gel. The integrity of the RNA was assessed from the
intensity of fluorescence of ethidium bromide-stained
ribosomal RNA under ultraviolet light. RNA was trans-
ferred from the gel to a Hybond-N membrane (Amer-
sham, Arlington Heights, IL) by capillary blotting and
fixed by baking at 80°C for 2 h. Prehybridization and
hybridization were performed at 42°C in 50% forma-
mide, 5x SSPE, 5x Denhardt’s, 10% dextran sulfate,
0.1% SDS, and 20 pg of sheared denatured salmon sperm
DNA and 10 pg/ml of polyA per ml. The probe used was an
815 bp Stul fragment of the mouse apo] cDNA clone 5-1,
labeled with [a-32P]dATP. The filters were washed to a
stringency of 0.1x SSPE/0.1% SDS at 50°C and de-
veloped. Hybridization was quantitated using a phos-
phorimager (Image Quant version 3.0, Molecular Dy-
namics, Sunnyvale, CA).

RNA dot blot analysis was performed using a filtration
manifold (Bio-Rad, Rockville Center, NY). RNA samples
(20 pg) were denatured in 2x SSC, 11.1% formaldehyde.
Serial dilutions were applied to Hybond-N and probed
with the mouse apg] cDNA 815 bp Stul fragment under
the same conditions used for blot hybridization.

Primer extension analysis

PolyA* mRNA was prepared directly from whole tissue
homogenates with a commercial kit, using the suggested
protocol (FastTrack, Invitrogen, San Diego, CA) except
for stomach mucosa, which required the use of guani-
dinium thiocyanate (21) during initial homogenization to
avoid degradation as evidenced by the integrity of ribo-
somal RNA bands and yield. One ug of polyA" mRNA
was hybridized to 2 ng of a 5'-end-labeled (200,000 cpm)
33-mer oligonucleotide with the sequence GAGAATCTT -
CATGGCGTGGCCTCCTTGGAGACT, complementary
to the 5'-end of the mouse cDNA (see Fig. 3), and sub-
jected to primer extension as described (22), using Avian
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Mpyeloblastosis Virus reverse transcriptase (Promega,
Madison, WI).

Tissue samples and processing

Postmortem human cardiac graft tissue was obtained
from a 3-year-old male cardiac transplant patient who
died 2.5 years post-transplant. Mouse hearts with aortae
intact were obtained from control and diet-induced (23)
female C57BL/6 littermates; the mice were 10 months of
age, and the induced mice had been fed a standard syn-
thetic atherogenic diet, consisting of 50% sucrose, 15%
cocoa butter, 1% cholesterol, and 0.5% sodium cholate,
for 8 months. Human tissue was snap-frozen in liquid
nitrogen and stored at —20°C; mouse hearts were either
snap-frozen for immunohistochemistry or fixed at 4°C in
paraformaldehyde, as described below, for in situ hybridi-
zation. Cryostat sections of unfixed tissues were cut at
6-8 um and stained with hematoxylin and eosin for
morphologic analysis and with Oil Red O for detection of
lipid deposits. Serial sections of the mouse hearts were cut
longitudinally through the aortic valve.

In situ hybridization analysis

Fresh tissue was fixed in 4% (w/v) paraformaidehyde in
PBS overnight at 4°C, then saturated in 30% sucrose in
PBS overnight at 4°C before embedding in O.C.T. com-
pound (Miles Laboratories, Elkhart, IN) and snap-
frozen. Cryostat sections were cut at 6-8 microns, air-
dried on slides coated with 3-aminopropyltriethoxysilane
(Sigma, St. Louis, MO) and fixed for >1 h with 4%
paraformaldehyde at room temperature. Prehybridization
and hybridization were performed as previously described
(24), using 3*S-rUTP-labeled antisense and sense mouse
apo] cRNAs as probes. The cRNA was transcribed from
clone 5-1, using a commercially available kit (Stratagene).
After hybridization and stringent wash conditions, the
slides were dipped in NTB2 emulsion (Kodak), exposed
for 7-10 days and developed in D19 developer (Kodak).
Sections were counterstained in hematoxylin and eosin and
photographed under dark- and bright-field illumination.

Immunohistochemistry

Cryostat sections of unfixed snap-frozen tissues were
obtained as described above. All sections were fixed for
10 min in acetone and then immunostained. Nonspecific
binding was blocked with 5% nonfat dried milk in PBS.
Apq] protein in human tissue was localized with mouse
monoclonal antibody mAbll (12) against human apo],
diluted 1:100. The primary antibody was detected with
fluorescein-conjugated antimouse F(ab'), (Dako, Carpin-
teria, CA). After a 15-min incubation of the sections in
0.5% H,0; to inactivate endogenous peroxidases, apo]
protein in mouse tissue was localized by rabbit polyclonal
antibody (1 ug of purified IgG/slide) raised against rat
apoJ (SGP-2) (provided by Drs. Michael Griswold and
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Steven Sylvester, Washington State University). The
primary antibody was allowed to react with goat anti-
rabbit IgG, diluted 1/25, followed by peroxidase-anti-
peroxidase complex (Cappel, Durharn, NC), diluted 1/100;
the complex was detected with diaminobenzidine. Slides
were counterstained with hematoxylin. Control slides were
incubated with normal mouse serum or rabbit preim-
mune serum, as appropriate, and the secondary antibody.

To evaluate white blood cell infiltration into human tis-
sue, sections were incubated for 15 min in 0.5% H,O; in
methanol to quench endogenous peroxide, subjected to
proteolysis in 0.1% trypsin and 0.1% CaCl, (pH 7.6-7.8)
for 5 min at 37°C, washed in BSA buffer (20 mM Tris-
HCI, pH 8.2, 150 mM NaCl, 0.1% bovine serum albumin
(BSA)), blocked for 30 min at room temperature with
10% tissue culture grade horse serum (Hyclone, Logen,
UT) in BSA buffer, and stained at 4°C for 8-20 h with
mouse mAb against leukocyte common antigen (LC,
Dako) diluted 1/20 in BSA buffer. LC is a 200 kDa surface
marker of lymphocytes, macrophages, histiocytes, and
polymorphonuclear leukocytes. Sections were rinsed
thoroughly, and the primary antibody was detected with
the antimouse Vectastain Elite kit (Vector Labs, Marion,
IA), according to manufacturer’s directions.

Plasma samples

Mouse blood was collected by cardiac puncture in the
absence of anticoagulant or into 5 mM EDTA and put
immediately on ice. Human blood was collected from
healthy male donors by venipuncture in the absence of
anticoagulant or into EDTA vacutainers. Cellular compo-
nents were separated at 4°C by centrifugation at 2300 g
for 15 min. Plasma was removed and centrifuged at 14,400
g for 10 min to remove any residual cells.

Electroimmunoblot analysis

For agarose electrophoresis, plasma (1-2 ul) was loaded
directly onto a 1% agarose gel (Ciba-Corning, Palo Alto,
CA) and electrophoresed at 10°C and 200 V for 35 min
in 50 mM barbital buffer with 1 mM Na,EDTA, pH 8.6,
as reported (11). Protein was stained with 0.2% Coomassie
brilliant blue (CBB); lipid was visualized with Fat Red
7B. Duplicate samples were press-blotted onto nitrocellu-
lose (Hoefer, San Francisco, CA) and stained for apqj
with a 1/1000 dilution of mAbl1 conjugated to horseradish
peroxidase (HRP) (human apo]) or with a 1/500 dilution
of rabbit anti-rat-SGP-2 followed by a 1/5000 dilution of
sheep anti-rabbit IgG-HRP conjugate (mouse apg]).

For gel electrophoresis, serum samples, solubilized im-
mediately in 10 mM Tris-HCI, pH 6.8, containing 10%
glycerol, 2% SDS, and 25 mM dithiothreitol (DTT) as
specified, were subjected to polyacrylamide gel electro-
phoresis in the presence of sodium dodecyl sulfate (SDS-
PAGE), using 10% acrylamide gels (11). Electrophoresis

samples were transferred for immunostaining to nitrocel-
lulose at 300 mA for 3 h at room temperature in transfer
buffer (25 mM Tris, pH 8.3, 192 mM glycine, 20%
methanol). The nitrocellulose was incubated overnight
with the appropriate primary antibody (see above), typi-
cally a 1/1000 dilution in blocking buffer (50 mM Tris-
HC, pH 7.4, 150 mM NaCl, 5% nonfat dry milk, 0.01%
(v/v) antifoam A, and 0.001% (w/v) merthiolate). The
blots were washed thoroughly in blocking buffer, incu-
bated for 2 h with HRP.conjugated secondary antibody
(1/3000), and developed as described previously (8). Band
intensities were quantitated by laser densitometry (Phar-
macia LKB, Piscataway, NJ).

RESULTS

Apo] in transplant-associated arteriosclerosis (TxAA)

Sections of the coronary arteries from a human cardiac
graft showed severe, diffuse TxAA (Fig. 1A). The lesions
were characterized by substantial intimal cell prolifera-
tion, which in one area occluded >95% of the vascular
lumen. Immunohistochemistry for leucocyte common an-
tigen (I.C) showed numerous infiltrating cells in the in-
timal lesion (Fig. 1B). The infiltrating cells were pre-
dominantly T lymphocytes and macrophages, based on
morphologic criteria and positive staining with macro-
phage- and T cell-specific markers (data not shown).
Lipid deposits were primarily localized to the interface
between the media and intimal layers (Fig. 1C). Apq] pro-
tein, evaluated by immunohistochemistry, was colocalized
with lipid at the media-intimal interface (Fig. 1D). We
were unable to obtain signal by in situ hybridization, most
likely due to mRNA degradation based on lack of signal
from (-actin antisense probe (data not shown).

Diet-induced atherosclerosis in the mouse

Hearts from C57BL/6 control mice and mice fed an
atherogenic diet for 8 months were also examined for apo]
(Fig. 2). Shown in Fig. 2A is a section stained with Qil
Red O to reveal the lipid accumulations in the aortic valve
region of the heart of a mouse fed an atherogenic diet.
Development of such lipid deposits is characteristic of
C57BL/6 mice fed a high fat diet (2, 3). No similar lipid
deposits were detected in a mouse fed a control, low fat
diet (not shown). The lipid deposits in the lesions of
mouse fed the high fat diet were focal and localized to the
intimal layer, characteristic of an early fatty streak. Apo]
protein, detected by immunohistochemistry (Fig. 2B),
was colocalized with lipid in the atherosclerotic lesions.
Some of the foam cells in the lesions expressed apg]
mRNA, as determined by in situ hybridization analysis
(Fig. 2C). Apo]-positive cells were not present in the
nonatheromatous regions of the aorta.
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Fig. 2. Apo]J is present in diet-induced atherosclerotic lesions in the
mouse. Panel A (120x) shows a section through the aortic valve region
of a mouse on a high fat diet. This Oil Red O stain shows lipid deposits
in the subendothelial region. Some of the lipid is contained within the
cytoplasm of infiltrating cells. Panel B (120 x ) shows immunohistochemi-
cal localization of apo] protein in the high fat diet mouse. There is focal
strong signal (brown reaction product) in the subendothelial fatty lesions
in the aortic valve region. Panel C (600x) shows localization of apo]
mRNA in the diet-induced atherosclerotic lesions by in situ hybridiza-
tion. There are infiltrating cells in the atherosclerotic lesions that are
strongly positive for apo] mRNA (arrows, black grains). There is no sig-
nal present in the noninvolved areas of the aorta.
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A AT AC
GGCTCCAGTCTCCAAGGAGGCCACGCCATG AAG ATT CTC CTG CTG TGC GTG GCC ATG CTG CTG ATC TGG 69
Met Lys Ile Leu Leu Leu Cys Val Ala Met Leu Leu Ile Trp 14
Leu

GAC AAT GGC ATG GTC CTG GGA’GAG CAG GAG GTC TCT GAC AAT GAG CTC CAA GAA CTG TCC ACT CAA 135
Asp Asn Gly Met Val Leu Gly Glu Gln Glu Val Ser Asp Asn Glu Leu Gln Glu Leu Ser Thr Gln 36

GGG AGT AGG TAT ATT AAT AAG GAG ATT CAG AAC GCC GTC CAG GGA GTG AAG CAC ATA AAA ACT CTC 201
Gly Ser Arg Tyr Ile Asn Lys Glu Ile Gln Asn Ala Val Gln Gly Val Lys His Ile Lys Thr Leu 58

ATA GAA ARA ACC AAC GCA GAGJCGC AAG TCC TTG CTC AAC AGT TTA GAG GAA GCC AAG AAG AAG AAA 267
Ile Glu Lys Thr Asn Ala GlujArg Lys Ser Leu Leu Asn Ser Leu Glu Glu Ala Lys Lys Lys Lys 80

GAG GAT GCT CTG GAG GAC ACT AGG GAT TCT GAA ATG AAG CTG AAG GCA TTC CCG GARA GTG TgT AAS 333
Glu Asp Ala Leu Glu Asp Thr Arg Asp Ser Glu Met Lys Leu Lys Ala Phe Pro Glu Val Cys Asn 102

ATG ATG GCC CTC TGG GAG GAG TC.;C AAG CCC 'rgc CTG AAG CAT ACC T(“C ATG AAG TTC TAT 399
Glu Thr Met Met Ala Leu Trp Glu Glu Cys Lys Pro Cys Leu Lys His Thr Cys Met Lys Phe Tyr 124

GCA CGT GTC 'rgc AGG AGC GGC TCA GGG CTG GTC GGC CAG CAG CTA GAG GAG TTT CTA AAC CAG AGC 465
Ala Arg Val Cys Arg Ser Gly Ser Gly Leu Val Gly Gln Gln Leu Glu Glu Phe Leu Asn Gln Ser 146

TCA CCC TTC TAC TTC TGG ATG AAC GGC GAC CGC ATC GAC TCC CTG CTG GAG AGT GAC CGG CAG CAG 531
Ser Pro Phe Tyr Phe Trp Met Asn Gly Asp Arg Ile Asp Ser Leu Leu Glu Ser Asp Arg Gln Gln 168

AGC CAA GTC CTG GAT GCC ATG CAG GAC AGC TTT GCT CGG GCA TCT GGC ATC ATA GAC ACG CTC TTT 597
Ser Gln Val Leu Asp Ala Met Gln Asp Ser Phe Ala Arg Ala Ser Gly Ile Ile Asp Thr Leu Phe 190
R

CAG GAC CGG TTC TTC GCC CGT GAG CTT CAT GAC CCC CAC TAC TTC TCC CCC ATC GGC TTC|CCA CAC 663
Gln Asp Arg Phe Phe Ala Arg Glu Leu His Asp Pro His Tyr Phe Ser Pro Ile Gly PhelPro His 212

AAG AGG CCT CAT|TTC TTA TAT CCC AAG TCC CGC TTG GTC CGC'AGC CTC ATG TCT CCC TCC CAC TAT 729
Lys Arg Pro His]Phe Leu Tyr Pro Lys Ser Arg Leu Val Arg Ser Leu Met Ser Pro Ser His Tyr 234

GGG CCT CCG AGC TTC CAC AAC ATG TTIC CAG CCT TTC TTT GAG ATG ATC CAC CAG GCT CAA CAG GCC 795
Gly Pro Pro Ser Phe His Asn Met Phe Gln Pro Phe Phe Glu Met Ile His Gln Ala Gln Gln Ala 256

ATG GAT GTC CAG CTC CAC AGC CCA GCC TTC CAG TTC CCA GAC GTG GAT TTC TTA AGA GAA GGT GAA 861
Met Asp Val Gln Leu His Ser Pro Ala Phe Gln Phe Pro Asp Val Asp Phe Leu Arg Glu Gly Glu 278

GAT GAC CGC ACT GTG T(.;C AAG GAG ATC CGC CGC AAC ICC ACA GGA T(.;C CTG AAG ATG AAG GGC CAG 927
Asp Asp Arg Thr Val Cys Lys Glu Ile Arg Arg Asn Ser Thr Gly Cys Leu Lys Met Lys Gly Gln 300

Tgr GAA AAG 'rc"c CAG GAG ATC TTG TCT GTG GAC TC“T TCA ACC AAC AAT CCT GCC CAG GCT AAC CTG 993
Cys Glu Lys Cys Gln Glu Ile Leu Ser Val Asp Cys Ser Thr Asn Asn Pro Ala Gln Ala Asn Leu 322

CGC CAG GAG CTG AAC _GAC TCG CTC CAG GTG GCC GAG AGG CTG ACA GAG CAG TAC AAG GAG CTG CTG 1059
Arg Gln Glu Leu Asn Asp Ser Leu Gln Val Ala Glu Arg Leu Thr Glu Gln Tyr Lys Glu Leu Leu 344

CAG TCC TTC CAG TCG AAG ATG CTC AAC ACC ICA TCC CTG CTG GAG CAG CTG AAC GAC CAG TTC AAC 1125
Gln Ser Phe Gln Ser Lys Met Leu Asn Thr Ser Ser Leu Leu Glu Gln Leu Asn Asp Gln Phe Asn 366

TGG GTG TCC CAG CTG GCT BAC CTC ACA CAG GGC GAA GAC AAG TAC TAC CTT CGG GTC TCC ACC GTG 1191
Trp Val Ser Gln Leu Ala Asn Leu Thr Gln Gly Glu Asp Lys Tyr Tyr Leu Arg Val Ser Thr Val 388

ACC ACC CAT TCC TCT GAC TCA GAG GTC CCC TCC CGT GTC ACT GAG GTG GTG GTG AAG CTG TTT GAC 1257
Thr Thr His Ser Ser Asp Ser Glu Val Pro Ser Arg Val Thr Glu Val Val Val Lys Leu Phe Asp 410

TCT GAC CCC ATC ACA GTG GTG TTA CCA GAA GAA GTC TCT|AAG GAT AAC CCT AAG[TIT ATG GAC ACA 1323
Ser Asp Pro Ile Thr Val Val Leu Pro Glu Glu Val Ser|lLys Asp Asn Pro Lys|Phe Met Asp Thr 432

GTG GCG GAG AAG GCG CTA CAG GAA[TAC CGC AGG AAA AGC CGT]JGCG GAA TGA GATAGAAGCATCACCTTCC 1393
Val Ala Glu Lys Ala Leu Gln Glu|Tyr Arg Arg Lys Ser Arg|Ala Glu End 448

TATATGTAGGAGTGTCTGGGAGGGAATCTCCCAGCTCCCCGAGGTGGCTGCAGACCCCTAGAGAACTCCACATGTCTCCAGGCGAGT 1480
AGGCCTCACCCAAGCAGCCTGCCCTTCCTCTGGATTCTGTACACTAATGCCTGCACTTGCTGCTCTCGGGAAGAACTGATTCCCCCA 1567
CGCAACTAATCCAATIAAMAGCCGCCTTGCGATAAAAAAAAAAAAAA 1613

Fig. 3. cDNA and deduced amino acid sequence of mouse apoJ. The nucleotide sequence (top line) and amino acid sequence (bottom line) number-
ings are indicated at the margin. Five differences in nucleotide sequence, all in the 5' portion of the cDNA, were found in the genomic apoj sequence;
these are indicated above the cDNA sequence. Arrows point to proteolytic cleavage sites of the precursor protein. Closed circles represent cysteine
residues and underlines indicate potential N-glycosylation sites. Potential heparin binding domains are boxed and potential amphipathic helices are
in bold type. The polyadenylation consensus sequence is in bold type and underlined.
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Primary structure of mouse apo]

Structural features responsible for apo]’s accumulation
in atherosclerotic lesions in humans and mice are un-
known. Important structural domains are expected to be
highly conserved in mouse and human apo]. To identify
these conserved domains, we cloned and sequenced the
mouse apg] cDNA and compared it to that of human
apoJ (13). A long open reading frame (ORF) was observed
in the cDNA (Fig. 3), extending from nucleotide 1 to a
stop codon at position 1370. An ATG at position 28 pre-
dicts a nascent polypeptide (preproapo]) of 448 amino
acids, with a calculated molecular mass of 50,260 daltons.
There were 242 nucleotides of 3' noncoding sequence,
with a polyadenylation consensus sequence (25) at posi-
tion 1580; 27 bp of 5' noncoding sequence was
represented in the cDNA. The overall nucleotide se-

quence identity between the mouse and human or rat
c¢DNA is 81% versus 92%.

The deduced amino acid sequence of the mouse homo-
log of apo] is also displayed in Fig. 3. The assignment of
the codon used for initiation of apo] protein synthesis, the
ATG beginning at position 28 of the cDNA, was based
upon comparison with both human and rat apoJ pre-
dicted start sites and the presence of a translation initia-
tion sequence described by Kozak (26) at nucleotides —3
to +4 relative to the ATG. A 21 amino acid hydrophobic
signal sequence of preproapo], as well as its cleavage site
to produce proapo], was predicted by comparison to
human and rat apg] homologs. Conservation of the Arg-
Ser cleavage site at position 205-206 of the proprotein
predicts an o subunit of 205 amino acids with a calculated
molecular mass of 24,820 daltons and a 8 subunit of 222
amino acids with a molecular mass of 25,458 daltons.

The extent of overall identity of apoJ at the amino acid
level between mouse and human (13, 27, 28) or mouse
and rat (29) is 75% and 91%. There is more conservation
within the potential functional domains (Table 1 and

TABLE 1. Comparison of amino acid sequences of putative apa] functional domains

Species Protein Sequence Exon Domain % Homology
Mouse MKILLLCVAMLL I WDNGMVLG 1I signal peptide

Rat ......... L..T........ 95.2
Human .T...F.GL.. T.ES.Q... 66.7
Mouse RKSLLNSLEEAKKKK 11 heparin binding

Rat ... ... ... ... . 100
Human .T..SN........ 80.0
Mouse CNETMMALWEECKPCLKHTCMKFYARVC v cysteine motif

Rat e 100
Human . ... ............. Q. ... 96.4
Mouse MODSFARASGIIDT v ampbhipathic helix

Rat ... .. T........ 92.9
Human ...H.S...S...E 71.4
Mouse PHKRPH v heparin binding

Rat ...... 100
Human R 80.0
Mouse MFQPFF EMIHQAQQAMD \Y amphipathic helix

Rat  ...... D.......... 94.1
Human ... .. L....E...... 88.2
Mouse CKEIRRNSTGCLKMKGQCEKCQEILSV VI cysteine motif

Rat Lo H o T 96.3
Human ROOOH L R.D..D..R... 78.0
Mouse DC VII cysteine motif

Rat 100
Human 100
Mouse VSKDNPKFMDTVAEKALQ VIII amphipathic helix

Rat e e e 100
Human .RK ... E........ 83.3
Mouse KDNPK VIII heparin binding

Rat e 100
Human RK ... 60.0
Mouse YRRKS VIII heparin binding

Rat . .... 100
Human ..K.H 60.0
Mouse R X heparin binding

Rat 100
Human 100
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Fig. 3): the amphipathic helices, the heparin-binding do-
mains (HBD), and the cysteine(Cys)-rich domains. The
organization and spacing of the Cys residues were identi-
cal in the mouse, rat, and human apo] homologs. The
Cys domain in the a subunit has the highest homology
between mouse and human apo] and significant homol-
ogy to the Cys motif in C7, C8, and C9 complement com-
ponents (27). In human apo], all of the Cys residues are
used in interchain disulfide bonds (30, 31). Mouse apo]
has six potential N-glycosylation sites, two in apoJa and
four in apo]B, all of which are conserved in the rat homo-
log SGP-2 (21). Post-translational modification of rat apo]
utilizes all N-linked glycosylation sites for addition of car-
bohydrate moieties (32). Human apoJa has one addi-
tional potential N-glycosylation site (15). In addition,
there is a consensus glycosaminoglycan site, SGSG at
residue 115 of the proprotein, that is conserved in mouse,
rat and human apo] (6).

Mouse plasma apo]

To determine whether apo] is, as human apo], a plasma
protein, mouse and human plasma were assayed for apo]
by electroimmunoblot analysis. Apo] was detected in
mouse plasma. By SDS-PAGE (Fig. 4A) under nonreduc-
ing conditions, the M, values of mouse and human apo]
were similar, 73 and 78 kDa, respectively. Duplicate sam-
ples were reduced prior to analysis to determine whether

A
M H M H

215— ¢

105— &
70— MW =
43— : o I
L2
)
28—

1 2 3 4 1
NR R

mouse apo] is, like human apo], predominantly a hetero-
dimer. Mouse apo] was reduced to two subunits, indicat-
ing cleavage of proapoJ; however, mouse apo] subunits
differed from human apoJ subunits in apparent M,.
Human apoJa and apo]@ are, as previously reported (8),
similar in size (~37 kDa). The mouse subunits, in con-
trast, were 32 and 41 kDa. One mouse apoJ subunit is
likely to be more heavily glycosylated than the other. Al-
ternatively, mouse proapo] cleavage may not occur at the
predicted Arg-Ser bond. SDS-PAGE/electroimmunoblot
analysis was also used to compare the abundance of
plasma apo] in different strains of mice. The level of apo]
was approximately 3 times higher in C57BL/6 compared
to A/J mice; apo] levels present in plasma obtained from
FVB/N mice were roughly equivalent to those in C57BL/6
mice. There was little (+£10%) variation in apo] level be-
tween individual mice of the same strain.

The distribution of apoJ in mouse versus human
plasma, relative to that of the lipoprotein classes, was
compared by agarose electrophoresis under nondenatur-
ing conditions. CBB stain for protein revealed distinct
patterns for mouse and human plasma proteins separated
by agarose gel electrophoresis (Fig. 4B). Based on the
lipid stain, the majority of mouse lipid migrated in the a1
region, equivalent to human HDL. This is expected as
HDL is the predominant mouse lipoprotein (5). Mouse
apo] migrated slightly faster than human apoJ (a1 vs. a2

<0

3 4 5 6

Fig 4. Comparison of mouse and human plasma apo]. A: For SDS-PAGE analysis, 1.5 ul of mouse (M) and 0.2 pul of human (H) serum were sub-

jected to SDS-PAGE and electroimmunoblotting, as described in Methods; the positions and M, values (kDa) of prestained molecular weight markers
(Bnln sda Research Laboratories) are indicated. Lanes 1 and 2 are mouse and human serum electrophoresed under nonreducing conditions; lanes
3 and 4 are mouse and human serum, in the presence of 25 mm DTT. Lanes 2 and 4 were stained with rabbit anti-apo]; lanes 1 and 3, with rabbit
anti-SGP-2. The secondary antibody was sheep anti-rabbit IgG-HRP conjugate. B: Mouse (M) and human (H) plasma were subjected to agarose
electrophoresis, as described in Methods. Lanes 1 and 2 were stained with CBB; the positions are labeled as 0, origin; 1, fibrinogen; 2, transferrin
(B1); 3, @2-macroglobulins; 4, al-antitrypsin; 5, albumin. Lanes 3 and 4 were stained with Fat Red 7B; in human plasma, HDL migrated the furthest
followed by VLDL and LDL, respectively. Lane 5 was stained with rabbit anti-SGP-2 followed by sheep anti-rabbit IgG-HRP conjugate; and lane
6, with mAbII-HRP conjugate.
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Fig. 5. 'T'he mouse apo] gene. The overlapping Ajpasy clones are shown (top) with the exon-intron organization of the coding segment of the gene
indicated (bottom). The rectangles represent exons; the horizontal line indicates introns. The exon numbers are given below the rectangles.

mobility), suggesting that the majority of mouse apo] is
associated with the bulk of the HDL.

Analysis of the mouse apoJ gene

As a prerequisite to manipulating the apo] gene in the
mouse, and as an alternative approach to identifying
potential apo] functional domains, the gene was cloned
and sequenced. Based on Southern blot analysis, the size
of the mouse apo] gene was determined to be approxi-
mately 23 kb (data not shown). Seven apo] genomic
clones were 1solated from a mouse genomic library, and
three of these ()\])‘.\5]»14’8, )\1)3\5}163, and >\I)ASH270) were
used to determine the intron/exon junctions and to map the
position of the exons within the gene (Fig. 5). The com-
plete apo] gene is composed of 9 exons. The 5" and 3'
splice donor and acceptor sequences conform to the
GT/AG consensus sequences. Exon I (Fig. 6) contains the
5'-untranslated region (UTR). Exon I was identified by

sequencing the RACE clone and confirmed by primer ex-
tension sequencing, using mouse mRNA isolated from
Sertoli cells, primer extended from an oligonucleotide
complementary to a region within Exon III. Exons II-V
encode the & subunit. The 8 subunit is encoded within
Exons V through the first part of Exon IX. The 3'-UTR,
including sequence through the polyadenylation signal of
mouse apo] cDNA/ is also contained within Exon IX.
The exons range in size from 45 to 412 bp (Table 2). The
largest exon, Exon V, spans the a/f3 cleavage site. The in-
trons range in size from 257 bp to >3 kb. Comparison of
the exonic organization of the mouse apo] gene with those
of the rat (33) and human (MacVector, version 2;
GenBank, release 71) genes (Table 2) indicates a high
degree of structural conservation. In the case of the mouse
apo] gene, the exonic sequences are identical to the cDNA
with five exceptions, all in the 5' portion of the cDNA
(Fig. 3). In the 5 UTR, three differences were found at

Gene CATGCGCCCCCTGGTGCCCCCCGCTGGGTGCTGCGCCTCTTACCCCCACCTCTAGGCTTC  -123
CAGAAAGCTCCTGGTGCATTCTCCGGCATTCTCTGGGCGTGAGTCACGCAGGTTTGCAGC -63
CAGCCCCAAAGGGGTGTACTTGAGCAGAGCGCTATAAATAGGGCGCTTCCCCGGTGCTCA -3

12
CCACCCGCGTCACCAGGAGGAGCGCACTGGAGCCAAGCCGCAGACCGGTGAGA 51
CN...... - 43 %
CAGCTGCACCTTTACTACCCCAGACNCGNAGCCACACGCAGATGCAGGCAGGTAGCAGC 110
TAGTGAACTG 120

Fig. 6. Exon I and 5 Hanking sequence. Exon [, shown in bold type, was identified by sequencing the RACE clone. The asterisk (*) represents
the reverse transeribed, polymerase chain reaction amplified RACE product. The TATA box consensus sequence, indicated in italics, is underlined.
T'he splice donor consensus sequence is indicated by the double underline. The 5' ends of the two primer extension products (Fig. 8) of mRNA from

mouse Sertoli cells are indicated by the arrows as 1 and 2.

204 Journal of Lipid Research Volume 35, 1994

2102 ‘8T aunr uo “sanb Aq 610 Jjmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2.

Exonic organization of the apo] gene

cDNA Length Splice Spnce % Exonic cDNA
Species Exon Position” (bp) Donor Acceptor Homology Domain Position
Mouse I N/A> 45 ... AGACCGgtg
Rat - 10-35" 45 ... AGACGGgtg 97.8
Human N/A* 47 .. TGACCGgtg 61.7
Mouse 1I 1-121 121 ttgcagGACTCC . . . TCCAAGgta signal peptide 28-89
Rat 36-156 121 ttgcagGACTCC .. . TCCAAGgta 94.2
Human 167-292 126 ctgcagAGGCGT .. . TCCAGGgta 58.7
Mouse 1T 122-270 149 ccacagAACTGT ... AAAGAGgta HBD 222-266
Rat 157-305 149 ccacagAACTGT .. . AAAGAGgta 96.0
Human 293-441 149 ttgcagAAATGT ... AAAGAGgtc 87.9
Mouse v 271-441 171 ctgaagGATGCT . .. CAGCAGgtg Cys motif 327-410
Rat 306-476 171 ctgaagGGTGCT . .. CGCCAGgtg 93.2
Human 442-612 171 ctgtagGATGCC . . . CGCCAGgtg 82.4
Mouse A% 442-853 412 tcccagCTAGAG . .. TAAGAGgtt 2 amph helices/1 HBD 549-800
Rat 477-888 412 tcccagCTAGAG .. . TAAAAGgtc 85.2
Human 613-1024 412 gtccagCTTGAG ... TACGAGgtg 71.9
Mouse Vi 854-958 105 gtccagAAGGTG . . . CTGTGGgtg
Rat 889-993 105 gtccagAAGGTG .. . CTGTGGgtg 93.4
Human 1025-1129 105 ccccagAAGGCG . . . CTGTGGgtg 87.6
Mouse VII 959-1192 234 gggcagACTGTT .. . CCGTGAgtg
Rat 994-1224 231 gccagaACTGTT .. . CAGTGAgta 90.3
Human 1130-1363 234 gggeagACTGTT . . . CGGTGGgtg 82.9
Mouse VIII 1193-1364 172 ctctagCCACCC .. . AAAGCCgta 1 HBD/1 amph helix 1290-1362
Rat 1225-1396 172 aggtgaCAACCC . .. AAGCCGgta 94.8
Human 1364-1535 172 aggtggCTTCCC . . . GCACCGgta 80.2
Mouse IX 1365-1600 236 tttcaaTGCGGA .. . CGATACgtg
Rat 1397-1627 231 ttccagCATGGA .. . CCTTGCgta 82.3
Human 1536-1651 116 tttcagGGAGGA . . . GAGCTGatc <65

“Nucleotide position in the cDNA sequence.

*N/A not available because the cDNA sequence is incomplete at the 5'-end.

‘Position based on mouse cDNA sequence presented in this paper.

“‘Rat information obtained from the rat TRPM2 ¢cDNA sequence in GENBANK (Release 71.0).
‘Human information obtained from the human TRPM2 ¢cDNA sequence in GENBANK (Release 71.0).
/¢cDNA is incomplete at the 3'-end. Homology is much less than 65% when exonic size is considered.

positions 2, 9, and 10. In the portion encoding the signal
peptide, the sequence CA at positions 54, 55 of the cDNA
was reversed in the gene, changing the amino acid at posi-
tion 10 of preproapo] from Met to Leu. As Leu is present
at this position of rat and human preproapo] (Table 1), we
suspect that we erred in sequencing the cDNA.

Chromosomal mapping of apo]

Because knowledge of the chromosomal location of a
gene can facilitate genetic studies and correlations, the
apoJ gene was mapped by analysis of recombinant inbred
(RI) mouse strains (2, 3). Mouse DNAs from several
inbred strains were analyzed for the presence of restric-
tion fragment length polymorphisms (RFLPS) within the
mouse apo] structural gene, using the mouse apg] cDNA
as probe. An RFLP was identified, using the restriction
enzyme Hhal, displaying a 2450 bp fragment in A and
AKR strains and a 3100 bp fragment in C3H, C57L, and

DBA/2 strains (data not shown). This RFLP was used to
type DNA from two RI sets, AKXD (AKRxDBA/2, 25
strains) and AKXL (AKRxC57L, 18 strains). A total of
43 RI strains were typed for the Hhal RFLP and the
strain distribution patterns (SDPs) for apo] are shown in
Table 3. Comparison of SDPs from previously typed loci
for these RI sets revealed that apo] is closely linked to
Mtv-11, a mouse mammary tumor provirus (34). Two RI
strains in the AKXD RI set were heterozygous for the
polymorphism and were not used in the linkage analysis.
The absence of recombinants between Mtv-11 and apo]
among 41 RI strains indicates (35) a distance of 0 ¢cM
(95% confidence limits 0-2.5 cM) between the two
markers. The presence of two recombinants between apo]
and Rib-1 among 18 RI strains provides a map distance
between these two genes (36, Table 3) of 3.3 cM with a
standard error of 2.7 cM (95% confidence limits 0.4-18.1).
We suggest that the RFLP determines the structure of
apoJ and we designate the mouse gene Apoj.
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TABLE 3.

Strain distribution pattern of apo] and other loci on chromosome 14 in RI strains derived from AKR and DBA or AKR and C57L

Gene 1 2 3 6 7 8 9 10 11 12 13
Mw-l D D A D A D A D A D A
Apo] D D A DA DA D A D A

14

A
A

AKXD
15 16 18 20 21 22 23 24 25 26 27 28
D A D A A A A D Uu D A D
U A D A A A A D U D A D

A, genotype found in the AKR parent; D, genotype found in the DBA parent; U, untyped strains.

Gene 5 6 7 8 9 12 13 14 16 17 19

Mwv-1l A A A L L A A A L L L

Apo] A A A L L A A A L L L
X

RibiI A A A L L A A L L L L

AKXL
24 25 28 29 37 38
A L L L A A
A L L L A A
X
A L L L L A

A, genotype found in the AKR parent; L, genotype found in the C57L parent. An x indicates a crossover event.

Size and tissue distribution of mouse apo] mRNA

To evaluate the relative tissue distribution of the apo]
message in the adult mouse, total RNA was isolated from
various tissues and analyzed with the mouse apo] cDNA
probe. The results, shown in Fig. 7A, indicated that apo]
mRNA is present in a wide variety of tissues in varying
amounts. Phosphorimage analysis of both Northern and
dot blots (Fig. 7B) revealed this relative order of abundance
of apo] mRNA: stomach, liver, brain>testis, heart>
kidney, ovary>spleen>submaxillary gland, thymus>
thyroid. No apo] mRNA was detected in the intestine or
lung by either method. A similar pattern of tissue distri-
bution was seen for human apoJ and rat SGP-2 among
the tissues analyzed (15, 29).
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Primer extension analysis

To determine the relative position of the transcriptional
start site(s) in the mouse apo] gene utilized in different tis-
sues, a primer complementary to the 5' end of the cDNA
clone was synthesized and subjected to primer extension
analysis. The vast majority of extended product cor-
responded to start sites at two adjacent nucleotides, gener-
ating extension products of 84 and 85 nucleotides in total
size (Fig. 8). Thus, the primer extension product in-
cluded 34 or 35 bases that extended beyond the 5' end of
the largest cDNA clone. Comparing the different tissue
sources of RNA, differences were observed in the relative
amount of each start site product that occurred. Approxi-
mately equal amounts of the two primer extension prod-

1.25
0.625

0
o

BRAIN
HEART
INTESTINE
KIDNEY
LIVER
OVARY
SPLEEN
STOMACH
SUBMAX
TESTIS
THYMUS

B tHyrOD

Fig. 7. Analysis of the distribution and abundance of apo] mRNA in mouse tissues. A: Total RNA (10 pg) from mouse tissues was subjected to
electrophoresis, transferred to Hybond-N, and hybridized with radiolabeled mouse apo] cDNA (815 bp Stul fragment). The 18S and 28S ribosomal
markers were detected by ethidium bromide staining of the gel. The size of the mouse apo] mRNA is 1.9 kb. B: Serial dilutions of total RNA from
mouse tissues (left to right in pg, 10, 5, 2.5, 1.25, 0.625) were applied to Hybond-N, and hybridized with the same mouse apo] cDNA fragment as
in (A). When individual dots were analyzed using a phosphorimager, each twofold dilution of RNA gave a corresponding twofold decrease in exposure

density.
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atrium
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Fig. 8. Primer extension analysis. The relative position of the tran-
scriptional start site(s) utilized by the mouse apo] gene are very similar
in different tissues. One pg of polyA* mRNA from the indicated tissues
was hybridized to a 5’ end-labeled oligonucleotide complementary to the
5" end of the mouse ¢cDNA. Size standard is sequencing ladder from a
Bluescript SK* vector (Stratagene), using the M13-20 forward primer.
Extension products of 84 or 85 nucleotides total size represent the vast
majority of the total.

ucts were present in epididymis, but the other tissues
tended to have either slightly or much more of the 85-base
primer extended product.

DISCUSSION

Apo] accumulates in atherosclerotic plaque (12) and, as
reported here, in transplant-associated arteriosclerosis in
humans and in aortic valve atheromatous lesions in fat-
fed mice. As the pathogenesis of these two types of vascu-
lar lesions is distinct, apo] deposition may be a general
marker for arterial degeneration associated with lipid
deposition. As a prerequisite to elucidating the role of

apo] in the pathogenesis of atherosclerosis in the mouse
model, we characterized mouse apo]. The relative level of
apo] in the plasma of two strains of mice is qualitatively
related to the genetic susceptibility to diet-induced
atherosclerosis, decreasing in the order C57BL/6>A/].
The susceptibility of FVB/N mice has not been tested.
Both mouse and human plasma apo] are associated with
HDL. In contrast to human apoJ-HDL, however, which
have «2 electrophoretic mobility, mouse apo]J-HDL
migrate with the bulk of the HDL in the «1 position. In
both mouse and human, proapg] is cleaved to apoJaf,
which is present in the plasma. Moreover, the primary
structure of mouse apo] is 75% homologous to that of hu-
man apoJ. Based on the amino acid sequence deduced
from the cDNA, mature mouse apo], like human apo],
contains 427 amino acids and is synthesized with a
21-residue signal peptide. Comparison of the deduced
amino acid sequence of mouse apo] with the amino termi-
nal sequences of the mature subunits of human apo] (15)
and rat SGP-2 (29) suggests that the apo] subunits in
these species are similarly produced by cleavage at resi-
dues 205-206 of proapo], with differences in apparent M,
predicted to be due to species differences in glycosylation.
The high degree of similarity in structure, plasma distri-
bution, and tissue distribution between human and
mouse apoJ and the presence of apo] deposits in human
and mouse atherosclerotic lesions suggests a common
function of apo] in atherosclerosis and justifies the dissec-
tion of apo] function in the mouse model.

Apo] appears to be encoded by a single gene in all spe-
cies examined (15, 28, 29). In the mouse, the apo] gene
is distinct from two genes correlated with atherosclerosis
susceptibility in the mouse, Ath-1 and Ath-3 (2, 3), which
map to chromosomes 1 and 7, respectively. RI strain
analysis shows that apo] is located on mouse chromosome
14. None of the 41 RI strains tested was discordant with
the SDP of Mtv-11, a locus previously mapped to chromo-
some 14, indicating that apo] and Mtv-11 are tightly
linked. Using different RI strains, Birkenmeier et al. (37)
also localized the mouse apo] gene to chromosome 14.
Other mouse apolipoprotein genes (apoA-I, apoA-II,
apoE, apoB, apoC-I, and apoC-II) are also located on
chromosomes that are distinct from the chromosomal
position of apoJ (5). Human apo] has been mapped to
chromosome 8 (38). The rat homolog of apo] (SGP-2) has
not been mapped. The apo] gene is transcribed in a vari-
ety of tissues in vertebrate species, including the mouse as
reported here. In all mouse tissues examined, transcrip-
tion is similarly initiated, based on primer extension
analysis. The 1.9 kb apo] mRNA detected in mouse tis-
sues is most abundant in stomach, liver, brain, and testis.
Intermediate levels of message are present in heart, kid-
ney, and ovary; low levels are present in spleen, submaxil-
lary gland, and thymus, and very low levels in thyroid. No
apo] mRNA is detected in the adult intestine and lung by
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Northern blot or dot blot analysis. Within these express-
ing tissues in the mouse, the mRNA is restricted largely
to cells that line fluid compartments (39), consistent with
apo]’s secretory character.

The apo] localized in atheromatous lesions may be de-
rived from the plasma, from platelet deposition and acti-
vation (12), or from local synthesis by arterial wall foam
cells. The gene is inactive in the various cell-types present
in long-standing femoral artery atherosclerotic plaques
(13). Although we were unable to evaluate arterial plaque
in TxAA for localized apo] gene transcription due to
RNA degradation, foam cells derived from macrophages
and/or smooth muscle cells in aortic valve lesions of mice
fed high-fat diets do express the apo] gene. Thus, multiple
mechanisms can account for the deposition of apo] in
atheromatous lesions. Functional domain analysis of apo]
can provide insight into the mechanism of its accumula-
tion in atherosclerotic lesions. Two types of apof se-
quences are of particular interest: 1) the heparin-binding
consensus sequences, comprised of clusters of positively
charged amino acid residues thought to be important in
the interaction of proteins with negatively charged macro-
molecules (40); and 2) the amphipathic helices, found in
lipid transport and hydrophobe-binding macromolecules
(41, 42). These domains are likely determinants of tissue
localization of apq]. The Cys-rich motifs, found in coagu-
lation factors and in some members of the terminal com-
plement cascade (43), appear to be primarily apo] struc-
tural determinants. Analysis of the gene organization
substantiates the potential functionality of these domain
types. A heparin-binding domain is encoded by Exon H1.
A heparin-binding domain and amphipathic helices
flanking it on either side are encoded by Exon V, and an
amphipathic helix overlapping and flanked by heparin-
binding domains are encoded by Exon VIIL. The arrange-
ment of the heparin-binding and amphipathic helix motifs,
as well as the apoJa Cys motif, within exons strongly sug-
gests that these protein domains are functionally sig-
nificant. In contrast, the apoJf Cys motif, a putative
nucleotide binding site, and a glycine-rich motif, suggested
by Tsuruta et al. (44) to have functional significance, are
each encoded by more than one exon and may therefore
lack specific function.

We propose that apg] utilizes its heparin-binding deter-
minants to localize in the arterial wall where it utilizes its
amphipathic helix domains under adverse conditions to
limit arterial wall damage or to facilitate repair, rather
than to augment tissue destruction. Apo]’s association in
plasma with “protective” classes of plasma lipoproteins,
the HDL, argues for a protective and/or repair role. Pro-
tection by HDIL. against atherosclerosis and coronary
heart disease has been attributed to several mechanisms
(45, 46), including the ability of HDL to transport extra-
hepatic cholesterol to the liver for biliary excretion and to
facilitate removal of potentially atherogenic chylomicron
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remnants by enhancing catabolism of triglyceride-rich
lipoproteins. In the case of apo]-HDL, there is the alter-
native possibility that anti-atherogenicity is due to inhibi-
tion of complement-mediated cell damage in the arterial
wall. Prior to the discovery of apo] and its HDL associa-
tion by de Silva et al. (8), apa] was identified in plasma
in association with the soluble complement complex
C5b-9 (27, 28). Apo] is a potent inhibitor of complement-
mediated cell lysis in vitro (28), giving functional sig-
nificance to the apo]/C5b-9 association. Complement has
been implicated in the pathogenesis of atherosclerotic
plaques (47-49). C5b-9 complexes, the terminal reaction
product of the complement cascade, accumulate in plaques
(50-52) and can augment lesion formation by altering the
properties of arterial wall cells through cell signalling
mechanisms (53) or by producing transmembrane pores.

A protective role of apo] in the arterial wall is consistent
with the cell type-specific pattern of constitutive apoj ex-
pression (39) and its induction in types of tissue injury
other than atherosclerosis. Apg] levels are dramatically
increased in other models of inducible tissue damage and
degeneration, including cell death initiated by hormonal
stimuli in prostate regression (54), pressure insult that oc-
curs during renal atrophy after ureteral obstruction (55),
developmental stimuli responsible for necrosis of interdig-
ital tissue (56), and cytotoxic injury in chemotherapeutic
induction of tumor regression (56). ApoJ mRNA is also
increased in the brains of Alzheimer’s patients and
scrapie-infected hamsters, both neurodegenerative dis-
orders (57, 58). The role of apo] as a hydrophobe-
binding, cytoprotective protein is a reasonable way to ac-
count for its constitutive and inductive patterns of expres-
sion and localization. Enhanced lipid binding and trans-
port potential due to increased levels of apo] would allow
redistribution and/or recycling of membrane-active cellu-
lar lipid, available as a result of focal tissue destruction.
Regulation of cytolytic complement function by apo]
would limit further tissue degeneration. Future studies
are almed at using the mouse as a model system to
examine the cytoprotective hypothesis, particularly with
respect to apgf’s role in atherosclerosis, emphasizing the
manipulation of the apoJ gene in gene-targeted transgenic
mice, a powerful strategy for the functional analysis of a
gene product in atherosclerosis (59-64). Bi
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