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Abstract Apolipoprotein A-IV is found in mesenteric lymph
chylomicrons, very low density lipoprotein particles, high densi-
ty lipoprotein particles, and in the lipoprotein-free fraction of
plasma. Apolipoprotein A-IV is polymorphic in a variety of
species including human, dog, and horse. Efforts to estimate the
impact of apolipoprotein A-IV structural variation on quanti-
tative lipid levels in humans have been limited by the low fre-
quency of the less common alleles. In the baboon, Papio
hamadryas anubis, we have found apolipoprotein A-IV to be
highly variable at the protein level with five alleles appearing at
polymorphic frequency. We have confirmed the autosomal
codominant inheritance of these five alleles in pedigreed ba-
boons. The baboon has been shown to be a suitable animal
model for the study of atherosclerosis, and the existence of a
common, multi-allele apolipoprotein A-IV polymorphism in the
baboon may be useful in elucidating the role of apolipoprotein
A-1V in lipid metabolism. — Ferrell, R. E., B. Sepehrnia, M. 1.
Kamboh, and J. L. VandeBerg. Highly polymorphic apolipo-
protein A-IV locus in the baboon. J Lipid Res. 1990. 31:
131-135.
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Apolipoprotein A-IV is a 46,000 dalton protein found
in the lipoprotein-free fraction and in association with
triglyceride-rich lipoprotein particles and high density
lipoprotein particles in the plasma of rat, human and dog
(1, 2). It is synthesized in the intestine and liver as preapo-
lipoprotein A-IV, containing a 20 amino acid signal pep-
tide which is cleaved cotranslationally to yield the mature
apolipoprotein (3). While apoA-1V is relatively abundant
in human plasma, with estimates ranging from 14 mg/100
ml (4-6) to 37 mg/100 (7), its role in lipoprotein metab-
olism has not been clearly elucidated. Steinmetz and
Utermann (8) have presented evidence that apoA-IV is an
in vitro activator of plasma lecithin:cholesterol acyltrans-
ferase. Stein et al. (9) showed that apoA-IV enhanced
cholesterol efflux from human skin fibroblasts with an effi-
ciency comparable to that of apolipoproteins E and A-I.
Dvorin et al. (10) have suggested that apoA-IV is a ligand
for the binding of rat HDL to primary rat hepatocytes.

Finally, it has been suggested recently that A-IV has a
modulatory role in the activation of lipoprotein lipase en-
zyme (11). These independently assayed functions of
apoA-IV are probably interrelated.

In humans, genetically determined polymorphism at
the APOA4 locus has been reported with two major alleles
(frequency >0.01) and several minor alleles in Caucasian
and Black populations (12-14). Insight into the role of
ApoA-1V in lipoprotein metabolism might be gained us-
ing a quantitative genetic approach to estimate the impact
of each allele on lipoprotein levels. This approach has
contributed significantly to our understanding of the role
of apolipoprotein E in determining cholesterol levels in
the general population (15). However, the low frequency
(<0.10) of the less common major allele in the human
apoA-IV system restricts its usefulness to large population
samples and has been the limiting factor in this approach.
An alternative approach would be to determine the effect
of genetically controlled apoA-IV variation on lipoprotein
parameters in a nonhuman primate model. The baboon
has been developed as such a model for genetic research
on lipoprotein metabolism (16-18) and exhibits a wide
array of lipoprotein phenotypes (19). Consequently, we
surveyed a pedigreed baboon colony for genetically deter-
mined polymorphism at the APOA4 locus, and at the
APOA1 and APOA2? loci as well.

MATERIALS AND METHODS

The population

The baboons involved in this investigation were 139
selected members of the breeding colony maintained at
the Southwest Foundation for Biomedical Research. Most
of them were olive baboons (Papio hamadryas anubrs;
classification according to refs. 20 and 21); the others were

Abbreviations: IEF, isoelectric focusing; TBS, Tris-buffered saline.
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Fig. 1. IEF/immunoblotting patterns observed in unrelated baboon
plasma samples. The corresponding phenotypes are shown below each

lane.

yellow baboons (P h. cynocephalus), red baboons (P h.
papio), or of mixed or unknown subspecies ancestry.

IEF/immunoblotting

Apolipoprotein A-IV phenotypes were determined by
the IEF/immunoblotting method of Kamboh and Ferrell
(13). Thin-layer (0.5 mm) polyacrylamide gels with a total
acylamide concentration of 5% (mono = 4.85%; bis =
0.15%) were prepared to contain 6 M urea, 2% Pharma-
lyte, pH 4-6.5, and 30 pl of 0.1 % riboflavin solution, in
a final volume of 20 ml, to initiate the polymerization pro-
cess. The electrode solutions for the anode and cathode
were 1 M H3PO4 and 1 M NaOH, respectively. Two-
microliter plasma samples absorbed on 5 x 4-mm What-
man 3MM wicks were applied 1 cm from the cathode
electrode. IEF was performed with an LKB 2217 Ultra-
phor electrofusing unit connected to a Lauda RM6 cool-
ing unit operating at 10-14°C and an LKB 2197 power
supply set at 30 W and 2,500 V (no set limits for mA).
The sample wicks were removed after 20 min, and IEF
was continued for an additional 160 min.

After IEF, proteins were transferred partially from the
gel onto a 0.20-um pore-size nitrocellulose membrane
(Schleicher and Schuell BA83) through capillary action
by maintaining the gel-membrane contact for 10 min at
room temperature. After the passive transfer of proteins,
the membrane was exposed to 5% (w/v) nonfat dry milk
in TBS (0.25 M NaCl, 0.03 M Tris-HCI, pH 8.0) for 45
min to block the remaining protein-binding sites, followed
by incubation with rabbit anti-human apoA-IV antiserum
(1 ul/ml) (provided by Dr. K. H. Weisgraber, Gladstone
Foundation Laboratories) for 30 min and then three 10-
min washings in TBS buffer. The membrane was then ex-
posed for 30 min to goat anti-rabbit IgG conjugated with
alkaline phosphatase (1 pl 5/ml), followed by three 10-min
washings. Finally apoA-IV heterogeneity was visualized
by staining the membrane for alkaline phosphatase using
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20 mg B-naphthyl phosphate, 20 mg Fast Blue BB salt,
and 50 mg magnesium sulfate in 50 ml buffer (1.8 g
NaOH, 3.7 g boric acid/liter, pH).

RESULTS

ApoA-I and apoA-II were monomorphic, but apoA-IV
was highly variable. Some of the apoA-IV phenotypes
observed in plasma samples from the 139 baboons that we
typed are shown in Fig. 1 with our suggested phenotype
designations. Each homozygous phenotype is represented
by the presence of one major isoprotein band and several
minor species. Heterozygous phenotypes are character-
ized by two major bands representing the products of two
alleles, and associated minor species. The exact combina-
tion of isoprotein patterns in heterozygotes is consistent
with the monomeric structure of the apoA-IV molecule.
Ten phenotypes representing combinations of the prod-
ucts of five putative alleles at the APOA4 structural locus

TABLE 1. Segregation data for 64 pedigreed baboon progeny of
two sires which had apoA-IV phenotypes 1-1 and 2-1, respectively

Phenotypes Number of Progeny of Each Phenotype®
Sire Dam 1-1 2-1 2-2 3-1 4-1 4-2
1-1 1-1 5 it 0 0 0 0
1-1 2-1 2 1 0 0 0 0
1-1 2-2 0 11 0 0 0 0
2-1 1-1 7 13 0 0 0 0
2-1 2-1 2 11 A 0 0 0
2-1 3-2 0 0 0 2 0 0
2-1 4-2 0 0 0 0 1 1

“Sexes are combined because no significant differences between sexes
were observed.

*This progeny also had a third component of complement phenotype
that was not consistent with the recorded sire’s phenotype; we presume
that the pedigree record is incorrect.
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Fig. 2. Pedigree showing the autosomal codominant segregation of the
APOA4*1, APOA4*2, APOA4*3, APOA4"4 alleles in baboons.

were observed. Because of the low frequency of some
alleles and the limited sample size, not all of the 15 pheno-
types expected from the random combination of five
alleles were encountered. To establish that these pheno-
types are genetically determined and not due to sample
degradation or post-translational modification of the pri-
mary APOA4 gene product, we typed 64 offsping of
parents of the various phenotypes. All of the results were
consistent with autosomal codominant inheritance, with
one exception (see Table 1). The segregation pattern of
four of the five alleles is shown in Fig. 2. Segregation of
the remaining allele, APOA4*5, was observed in a
separate pedigree (not shown). Based on their frequency
and Mendelian segregation we have designated these
alleles APOA4*1-APOA4*5 in order of their focusing posi-
tions from the cathode to anode on IEF gels. ApoA-IV
phenotype distribution and gene frequencies observed in
61 unrelated P. h. anubis are shown in Table 2.

TABLE 2. Distribution of apolipoprotein A-IV phenotypes and
allele frequencies in unrelated P. h. anubis

Observed Expected Allele

Phenotype Number Number® Frequencies
1-1 23 21.81

3-3 7 7.60

2-1 2 1.82 APOA4*1 = 0.598
3-1 25 25.75 APOA4*2 = 0.025
3-2 1 1.08 APOA4*3 = 0.353
4-3 0.69 APOA4*4 = 0.016
5-3 1 0.34 APOA4*5 = 0.008
Total 61 59.09

“Expectation based on the assumption of Hardy-Weinberg
equilibrium.

DISCUSSION

Quantitative genetic studies of polymorphic genetic
variation in human apolipoprotein E has provided insight
into the role of apoE in lipoprotein metabolism (15).
Similar approaches to the study of apoA-IV are limited by
the low frequency of alleles at the human APOA4 locus.
Menzel et al. (22) have recently suggested that apoA-IV
variation has an impact on HDL cholesterol levels in
man. The present study documents the occurrence of five
alleles at the APOA# structural locus in the baboon. Each
is present at polymorphic frequency (>1%), and shows
discrete autosomal codominant segregation in pedigrees.
This level of polymorphism in apoA-IV is much higher
than has been observed in any other species. Indeed the
average heterozygosity at the APOA4 locus in baboons is
0.494. This variation may serve as a tool to determine the
role of apoA-1V in lipid metabolism in baboon model.
Like human apoA-1V, baboon’s apoA-IV major isoforms
are also associated with several corresponding minor
isoforms in each phenotype observed. This interindivid-
ual microheterogeneity in baboon’s plasma could be due
to post-synthetic modiffications in the apoA-IV molecule
similarly as suggested in human apoA-IV (13). Each allele
has characteristic associated minor bands that cosegregate
with the major isoforms suggesting that the minor bands
are derived from the primary apoA-IV gene product and
are not the product of an independent genetic locus.

Two other apolipoproteins have been examined for evi-
dence of genetic variation in our baboon population. No
variation was detected in baboon apoE by IEF that
resolves the human apoE isoforms (D. Hewett-Emmett,
personal communication); but the specific apolipoprotein
moiety of baboon Lp[a] is highly polymorphic and exists
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in many discrete size isoforms that can be resolved by
SDS-electrophoresis and are inherited as autosomal
codominant traits (23).

Research at the DNA level also has revealed polymor-
phisms in baboon apolipoprotein genes. Two restriction
fragment length polymorphisms (RFLPs) have been de-
tected in apoA-I (24, 25) and four in apoB (26). However,
a search for baboon apoE RFLPs did not reveal any varia-
tion (27).

The existence of genetic variation in several apolipo-
protein genes, as well as in the LDL receptor (J. E. Hix-
son, personal communication) and the lipolytic enzyme
lecithin:cholesterol acyltransferase (LCAT) (28) in a
nonhuman primate model provides new opportunities for
research. In particular, interactions among these loci in
determining lipoprotein characteristics can now be in-
vestigated in a primate model that closely resembles hu-
mans in its characteristics of lipoprotein metabolism and
atherosclerosis. In addition, because environmental
variables can be carefully controlled from birth, dietary
manipulations will enable the characterization of geno-
type-environment interactions that influence lipoprotein
phenotypes. BR

This work was supported by N. I. H. grants HL28972 and
HL39107. The authors wish to thank Dr. Karl Weisgraber,
Gladstone Foundation Laboratories, for his generous gift of rab-
bit anti-human apoA-IV serum.

Manuscript received 19 June 1989 and in revised form 11 August 1989.

REFERENCES

1. Roheim, P. S, D. Edelstein, and G. G. Pinter. 1976.
Apolipoproteins in rat serum and renal lymph. Proc. Natl.
Acad. Sci. USA. 73: 1757-1760.

2. Weisgraber, K. H., T. P. Bersot, and R. W. Makhley. 1978.
Isolation and characterization of an apoprotein from the
d < 1.006 lipoproteins of human and canine lymph homolo-
gous with the rat A-IV apolipoprotein. Biochem. Biophys.
Res. Commun. 85: 287-292.

3. Gordon, J. I, C. L. Bisgaier, H. F. Sims, O. P. Sachdey,
R. M. Glickman, and A. W. Strauss. 1984. Biosynthesis of
human preapolipoprotein A-IV. [ Biol. Chem. 259:
468-474.

4. Utermann, G., and U. Beisiegel. 1979. Apolipoprotein A-
IV: a protein occurring in human mesenteric lymph chylo-
microns and free in plasma: isolation and quantification.
Eur. J. Biochem. 99: 333-343.

5. Green, P. H. R,, J. F. Lefkowitch, R. M. Glickman, J. W.
Riley, E. Quinet, and C. B. Blum. 1982. Apolipoprotein
localization and quantitation in the human intestine. Gas-
troenterolosv. 83: 1223-1230.

6. Weinburg, R. W,, and A. M. Scanu. 1983. Isolation and
characterization of human apolipoprotein A-IV from
apolipoprotein-depleted serum. J. Lipid Res. 24: 52-59.

7. Bisgaier, C. L., O. P. Sachdev, L. Megna, and R. M. Glick-
man. 1985. Distribution of apolipoprotein A-IV in human
plasma. J Lipid Res. 26: 11-25.

134 Journal of Lipid Research Volume 31, 1990

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Steinmetz, A., and G. Utermann. 1985. Activation of

lecithin:cholesterol acyltransferase by human apolipopro-
tein A-IV. J Biol. Chem. 260: 2258-2264.

Stein, O., Y. Stein, M. Lefevre, and P. S. Roheim. 1986.
The role of apolipoprotein A-IV in reverse cholesterol
transport studied with cultured cells and liposomes derived
from an ether analog of phosphatidylcholine. Biochim.
Biophys. Acta. 878: 7--13.

Dvorin, E,, N. L. Gorder, D. M. Benson, and A. M. Gotto.
1986. Apolipoprotein A-IV. A determinant for binding and
uptake of high density lipoproteins by rat hepatocytes. /.
Biol. Chem. 261: 15714-157xx.

Scheraldi, C. A., C. L. Bisgaier, H. N. Ginsberg, and L. J.
Geldberg. 1988. Modulator role of apolipoprotein A-IV in
the activation of lipoprotein lipase. Circulation (Suppl. II) 78:
199.

Menzel, H. J., P. M. Kovary, and G. Assmann. 1982. Apo-
lipoprotein A-IV polymorphism in man. Hum. Genet. 62:
349-352.

Kamboh, M. 1., and R. E. Ferrell. 1987. Genetic studies of
human apolipoproteins. I. Polymorphism of apolipoprotein
A-IV. Am. | Hum. Genet. 41: 119-127.

Sepehrnia, B., M. I. Kamboh, L. L. Adams-Campbell, M.
Nwanko, and R. E. Ferrell. 1988. Genetic studies of human
apolipoproteins. VII. Population distribution of polymor-
phisms of apolipoproteins A-I, A-II, A-IV, C-I1, E and H
in the Nigerian blacks. Am. [ Hum. Genet. 43: 847-853.
Davignon, J., R. E. Gregg, and C. F. Sing. 1988. The apo-
lipoprotein E polymorphism and atherosclerosis. Arterio-
sclerosis. 8: 1-21.
VandeBerg, J. L., M-L. Cheng, C. M. Kammerer, J. W.
MacCluer, and H. C. McGill, Jr. 1985. Genetic and dietary
mediation of lipoprotein phenotypes in baboons. In
Munster International Arteriosclerosis Symposium, 4th.
Munster/Westfalen, Germany. Recent Advances in Arterio-
sclerosis Research. W. H. Hauss, R. W. Wissler, and J.
Grunwald, editors. (Abhandlungen der Rheinisch-Westfa-
lischen Akademie der Wissenschaften, fol. 76) Opladen,
Westdeutscher Verlag 1987. 71-86.

MacCluer, J. W,, C. M. Kammerer, J. L. VandeBerg, M-L.
Cheng, G. E. Mott, and H. C. McGill, Jr. 1987. Genetic
mediation of lipoprotein phenotypes in baboons. Genetica.
73: 159-168.

MacCluer, J. W,, C. M. Kammerer, B. Blangero, B. Dyke,
G. E. Mott, J. L. VandeBerg, and H. C. McGill, Jr. 1988.
Pedigree analysis of HDL cholesterol concentration in ba-
boons. Am. J. Hum. Genet. 43: 401-413.

Cheng, M-L., J. VandeBerg, C. M. Kammerer, W. F.
Lowe, and B. Dyke. 1988. Method for quantitating cho-
lesterol in subfractions of serum lipoproteins separated by
gradient gel electrophoresis. Biochem. Genet. 26: 657-681.
Groves, C. P. 1972, Phylogeny and classification of pri-
mates. In Pathology of Simian Primates. Part I. R. N.
Fiennes, editor. S. Karger, Basel. 11-57.

VandeBerg, J. L., and M-L. Cheng. 1986. Genetics of ba-
boons in biomedical research. In Congress of the Interna-
tional Primatological Society, 10th, Nairobi, 1984. Selected
Proceedings. J. G. Else and P. C. Lee, editors. Cambridge
University Press, Cambridge. 317-327.

Menzel, H. J., E. Boerwinkle, J. Schrangl-Will, and G.
Utermann. 1988. Human apolipoprotein A-IV polymor-
phism: frequency and effect on lipid and lipoprotein levels.
Hum. Genet. 79: 368-372.

Rainwater, D. L., G. S. Manis, and J. L. VandeBerg. 1989.
Hereditary and dietary effects on apolipoprotein[a] iso-

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

24,

25.

26.

forms and Lp[a] in baboons. J. Lipid Res. 30: 549-558.
Hixson, J. E. 1987. DNA markers in primate models of hu-
man disease. Genetics. 73: 85-90.

Hixson, J. E., S. Borenstein, L. A. Cox, D. L. Rainwater,
and J. L. VandeBerg. 1988. The baboon gene for apolipo-
protein A-I: characterization of cDNA clone and identifica-
tion of DNA polymorphisms for genetic studies of choles-
terol metabolism. Gene. 74: 483-490.

Rogers, J., J. R. Kidd, P. D. Murphy, C. M. Castiglione,
J. Hixson, ]. Phillips-Conroy, and K. K. Kidd. 1988.
RFLPs for apoB in two subspecies of savanna baboons

27.

28.

(Papio hamadryas cynocephalus and Papio hamadryas anubis).
Cytogenet. Cell Genet. 46: 683.

Hixson, J. E., L. A, Cox, and S. Borenstein. 1988. The ba-
boon apolipoprotein E gene: structure, expression, and
linkage with the gene for apolipoprotein C-I. Genomics. 2:
315-323.

Kammerer, C. M., L. A. Cox, and J. E. Hixson. 1988. A
lecithin:cholesterol acyltransferase (L.LCAT) DNA polymor-
phism may be linked with a major gene for high density
lipoprotein cholesterol (HDL-C) in the baboon. Genome. 30
(Suppl. 1): 33.

Ferrell et ol.  Apolipoprotein A-IV in baboons 135

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

