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SUMMARY Human apoprotein(apo) CI and apo AII cDNA probes have been used to
analyze the segregation of the human genes in panels of human-mouse hybrids.
The apo CI (APOCI) gene segregates with chromosome 19 and the apo AII
(APOA2) gene with chromosome 1. Somatic cell hybrids containing chromosome
translocations were used to map the apo AII gene to the lp2l-lqter region.
Human APOA2 is polymorphic for the restriction endonuclease Msp I. Compari-
son of human and mouse chromosome 1 reveals a conserved group including apo
AII, renin and peptidase genes and suggests that APOA2 will be found distal
to this group on human chromosome 1. The mouse apo AII gene is closely
linked with genes that regulate HDL structure. Similar HDL regulatory genes
will probably be found near human APOA2. © 1984 Academic Press, Inc.

The human plasma lipoproteins are separated by hydrated density into
five classes: chylomicrons, very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL), low density lipoprotein (LDL) and
high density lipoprotein (HDL) (1). The lipoproteins are noncovalently
associated macromolecular complexes of triglyceride, cholesterol and
apoprotein. Eight well-defined apoproteins have been isolated from the
lipoproteins: apoprotein(apo) AI, apo AII, apo AIV, apo B, apo CI, apo CII,
apo CIII and apo E (2). The apoproteins share functional and structural
properties (2,3). Apo AI and apo AII are the main structural components of
HDL. Apo AI is the physiological activator of lecithin cholesterol acyl
transferase (LCAT), but no function is known for apo AII. Apo AIV and apo
CI can also activate LCAT in vitro. Apo B and apo E are both ligands for
the LDL receptor. The peptides apo CII and apo CIII regulate lipoprotein
lipase and block the interaction between the apo E of VLDL and the hepatic
LDL receptor (4).

All of the apoproteins that have been sequenced possess homologous
amphipathic alpha—-helical regions that are capable of interacting with both

aqueous and lipid environments (2,3,5). In apo AI and apo E this generates

prominent internal periodicity punctuated by proline every twenty—second
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amino acid residue. The homology is also reflected at the DNA level (6).
Apo AII, apo AIV, apo CI and CIII have a more or less similar amino acid
periodicity. It has, therefore, been suggested that apoproteins evolved
from a common ancestral gene by duplication (3).

Lipoprotein metabolism is perturbed by various mutations of the apo-
protein genes. Homozygous inactivation of the locus containing the two
genes apo AI and apo CIII produces a deficiency of HDL and severe premature
atherosclerosis (7). Rare variants of apo AI give rise to mildly reduced
HDL concentrations (8). Moreover, a Sst I restriction fragment length
polymorphism at the 3' end of the apo CIII gene is associated with
hypertriglyceridaemia (9,10). Structural mutations of the apo E gene and
apo CII deficiency cause dyslipoproteinaemia (11-12).

To understand more clearly the genetic and structural relatiomship
between the apoprotein genes, their possible involvement in the athero-
sclerotic process and linkage to other genes we have used previously

described cDNA probes (13,14) to localize the genes for apo AII and apo CI.

MATERIALS AND METHODS

Somatic Cell Hybrids. Human-mouse somatic cell hybrids were con-
structed by fusing human fibroblasts or leukocytes (with normal karyotypes
or containing translocation chromosomes) with mouse cell lines (LMTK™ and
RAG). The construction and characterization of these hybrid cell lines
(WIL, REW, EXR, XER, ATR, JSR, JWR, DUA, DUM, NSL, REX, SIR, JVR and TSL)
have been described extensively elsewhere (15). A total of 31 cell hybrids
from these independent hybrid sets involving twelve unrelated human parental
cells were utilized for these studies.

Chromosome Composition of Cell Hybrids. Human—mouse somatic cell
hybrids were characterized for their human chromosome content as previously
described (16,17). Human chromosomes were identified in cell hybrids by the
Gilemsa-trypsin chromosome banding technique (17). On the same cell passage,
cell hybrids were examined for 31 human chromosome-specific enzyme markers
as previously described to confirm the chromosome analysis and to recognize
regions of human DNA not identifiable by microscopy (16).

Filter hybridisation. The apo AII and apo CI probes were previously
described cDNAs of 410 and 372bp respectively (13,14&. The cDNAs were
isolated as restriction fragments and labelled with 32P to a specific
activity of 0.8 to 1.0 x 107 cpm/pg DNA by primed synthesis (18). Apo AII
and apo CI gene sequences were detected by filter hybridization (19). DNA
was isolated from hybrid cells at the same cell passage used for karyotyping
and marker enzyme analysis (20). DNA isolation, restriction enzyme
digestion, agarose gel electrophoresis, and filter hybridization were
performed as we previously reported (15,16,20).

RESULTS
Chromosomal localization of apo AIT and apo CI genmes. The apo AII cDNA

hybridizes to a 15 Kb Eco RI fragment of human DNA but not to mouse DNA
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Figure 1. Southern hybridization of 32p-1abelled cDNA probes for apo

AII and apo CI to restriction digests of human, mouse and somatic cell
hybrid DNA. The length of bands in kilobases is shown at the right of the
figures. (a) Hybridization of apo AII probe and (b) apo CI probe to human
Wil8 DNA (H) mouse LM/TK™ DNA (M) and cell hybrid DNA digested with Eco
Rl. Positive hybridization is denoted (+) and negative hybridization (-).

under similar conditions (Fig. la). In an analysis of DNA prepared from 31
cell hybrids containing various human chromosomes the apo AII sequences
consistently segregated only with chromosome 1 (Fig. la and Table 1).

The apo CI cDNA hybridized to Eco RI fragments of 19 and 14 kb in human
DNA but no mouse band was visible (Fig. 1lb). 1In DNA from human-mouse
hybrids human apo CI sequences cosegregated with chromosome 19.

Regional assignment of apo AII

The hybrid cell line JWR-22H retains the, 2pter—-2q37::lp2l-lpter,
translocation chromosome containing the 1p2l-pter region of chromosome 1
(21). This hybrid was negative for the apo AII gene (Table l). Conversely
JWR 26C retains the 2qter—2q37::1p2l-lqter translocation chromosome
containing the lp2l-lqter region of chromosome 1 (21) and was positive for
the apo AII gene. Thus the human apo AII gene is located in the lp2l-lqter
region and is most likely located on the long arm.

Restriction fragment length polymorphism of the apo AII gene

Analysis of the human apo AII gene in DNA from 10 unrelated individuals
revealed a restriction fragment length polymorphism after digestion with
MspI. A 2.5 kb DNA fragment hybridising strongly to the AII probe was
detected in all cases but three individuals displayed an additional strongly
hybridizing DNA fragment of 3.0 kb (Fig. 2). DNA sequence analysis of the
gene reveals Mspl sites 175 bp downstream in the 3' flanking sequence and in
one of the introns 5' to the region coding for the mature protein (T.J.

Knott and J. Scott, unpublished results). Whether the mutated site is
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Figure 2. Hybridisation of apo AII cDNA to Mspl digested human DNA.

linked to a perturbation of lipid metabolism such as the hypertriglycidaemia
associated with an Sst I polymorphism in the apo AI - CIII gene complex

remains to be established (9).

DISCUSSION

We have localized the genes for human apo AII (APOA2) and apo CI
(APOCI) to the long arm of chromosome 1 and to chromosome 19 respectively.
The other apolipoprotein genes (except for apo B) have been mapped to
chromosomes 11 and 19 (22-25). The clustering of the apoprotein genes

together with their functional and structural homologies favours the

apoproteins as a multigene family with a common ancestor rather than the
products of convergent evolution. The demonstration of APOA2 on the long
arm of chromosome 1 is not inconsistent with this suggestion because gene
families may show clustering and also have members dispersed throughout the
genome (26).

The genes for LDL receptor (LDLR), apo CII (APOC2) and apo E (APQE),
have already been mapped to chromosome 19 (22,27). APOCl is the fourth gene
for a proteln involved in lipid metabolism to be localised to this
chromosome. Family studies indicate that LDLR and APQE are both linked to
the gene for complement compoment C3 (C3) but are not themselves closely
linked (22) suggesting that they lie on opposite sides of C3. The regional

localization of APOCl and APOC2 is not yet known, however, the genes are not

as closely linked as the APOA1-APOC3 complex since neither APOC2 nor APOE

are found on the Eco RI fragments carrying APOCl.
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The mouse apo AIT gene (Alp-2) has been mapped to the distal part of
mouse chromosome 1 in a linkage group with the genes specifying the lympho-
cyte antigens Ly-9 and Ly-20 and the loop tail phenotype (Lp) (28,29). More
proximal on mouse chromosome 1 is a peptidase gene (Pep-3) which is linked
to Lp at a distance of 18.4 centimorgans (30). Pep—3 is closely linked to
the genes for the acid proteases renin (Ren 1,2) and urinary pepsinogen
(Upg-2) (29). Comparison of this distal portion of mouse chromosome 1 with
human chromosome 1 reveals similarities; namely a peptidase gene (PEPC), the
equivalent of Pep-3, between q25 and q42 and the human renin gene (REN)
(22,31,32). By analogy with the mouse map, APOA2 may be located distal to
PEPC and REN on the long arm of chromosome l. One interesting possibility
suggested by Lusis et al. for the mouse is that HDL regulator genes might
be linked to Alp-2 (28). Similar regulatory sequences may be close to APOA2

on human chromosome 1.

The mouse apo AT (Alp-l) and apo AII genes are located on different
chromosomes as are the human genes. Mouse Alp-l is on chromosome 9 in a
linkage group with an esterase gene and the uroporphyrinogen 1 synthetase
gene (31). This relationship has been preserved on human chromosome 11,
where the apo Al gene (APOAl) has been mapped to ql3 by somatic cell hybrid
studies (23-25,31). The apo CIII (APOC3) gene is located 3 kb downstream of
APOAl and family studies link the apo AIV (APOA4) gene with this complex (7,22).

Comparison of human chromosomes 1 and 1l reveals the presence of con-

served groups of genes involving APOAl and APOAZ. The c-Ha-rasl proto-onco-

gene and the insulin and insulin-like growth factor (IGF) II genes are
located on the short arm of chromosome 11 and near the centromere on the
long arm is the APOA1-APOC3 complex (22,33). Similarly, on the short arm of
chromosome 1 the NRAS proto-oncogene and the B-nerve growth factor gene, a
distant relative of the insulin-IGF gene family, are situated in a region
near the centromere. These conserved genes in regions that span the
centromere suggest an evolutionary relationship between human chromosomes 1
and 11 and provide further comparative evidence that APOA2 will be found on
the long arm of chromosome l. Moreover, the physical closeness of members
of the ras, insulin and apoprotein gene families may have evolutionary or
functional significance since lipoproteins are known to mediate nutrient
uptake and regulate cell growth (34). The recently described sequence
homology between the epidermal growth factor precursor and the LDL receptor
further suggests relationship between lipid metabolism and growth control

(35,36).

304



Vol. 125, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGEMENTS

We gratefully acknowledge the contribution made by P. Goodfellow to
this study, and S. Wallis, S. Humphries and F. Barelle for use of apo E and
apo CII probes. We also thank L. Haley, M. Byers, M. Henry and C. Young for
excellent technical assistance and Mrs. M. Moriarty for preparing the
manuscript. T.B.S. was supported by N.I.H. (GM 20454 and HD 05196) and ACS
(CD 62) grants.

REFERENCES

1. Havel, R.J., Eder, H.A., and Bragdonm, J.H. (1955) J. Clin. Invest. 34,
1345-1353.

2. Herbert, P.N., Assmann, G., Gotto, A.M., Jr. and Fredrikson, D.S. (1983)
in The Inherited Basis of Metabolic Diseases. (Ed. J.B. Stanbury, J.B.
Wyngaarden, D.S. Fredrickson, J.L. Goldstein, and M.S. Brown) 5th ed. New
York, McGraw-Hill, pp- 589-621.

3. Barker, W.C. and Dayhoff, M.D. (1977) Comp. Biochem. Physiol. 57B,
309-315.

4. Windler, E., Chao, Y., and Havel, R.J. (1980) J. Biol. Chem. 255,
8303-8307.

5. Rall, J.C., Jr., Weisgraber, K.H., and Mahley, R.W. (1982) J. Biol. Chem.
257, 4171-4178.

6. Karathanasis, S.K., Zannis, V.I., and Breslow, J.L. (1983) Proc. Natl.
Acad. Sci. (USA) 80, 6147-6151.

7. Karathanasis, S.K., Zannis, V.I., and Breslow, J.L. (1983) Nature.

305, 823-825.

8. Utermann, G., Feussner, G., Franceschini, G., Haas, J. and Steinmetz, A.
(1982) J. Biol. Chem. 257, 501-507.

9. Rees, A., Shoulders, C.C.. Stocks, J., Galton, D.J. and Baralle, F.E.
(1983) Lancet 1, 444-446.

10. Karathanasis, S.K., McPherson, J., Zannis, V.I., and Breslow, J.L. (1983)
Nature 304, 371-373.

11. Rall, S.C., Jr., Weisgraber, K.H., Inverarity, T.L. and Mahler, R.W.
(1982) Proc. Natl. Acad. Sci. (USA) 79, 4696-4700.

12. Miller, N.E., Rao, S.N. Alaupovic, P., Noble, N., Slack, J., Brunzell,
J.D. and Lewis, B. (1981) Eur. J. Clin. Imvest. 11, 69-75.

13. Knott, T.J., Priestley, L.M., Urdea, M. and Scott, J. (1984) Biochem.
Biophys. Res. Commun. 120, 734-740

14. Knott, T.J., Robertson, M.E., Priestley, L.M., Urdea, M., Wallis, S. and
Scott, J. (1984) Nucleic Acids Res. 12, 3909-3915, 1984.

15, Shows, T., Eddy, R., Haley, L., Byers, M., Henry, M., Fujita, T., Matsui,
H. and Taniguchi, T. (1984) Somat. Cell Genet. 10, 315-318.

16. Shows, T.B., Sakaguchi, A.Y. and Naylor, S.L. (1982) in Advances in Human
Genetics, eds. Harris, H. and Hirschhorn, K. (Plenum Press, New York and
London), Vol. 12, pp. 341-452.

17. Shows, T.B., Brown, J.A., Haley, L.L., Byers, M.G., Eddy, R.L., Cooper,
E.S. and Goggin, A.P. (1978) Cytogenet. Cell Genet. 21, 99-104.

18. Feinberg, A.A. and Vogelstein, B. (1983) Anal. Biochem. 132, 6-13.

19. Southern, E.M. (1975) J. Mol. Biol. 98, 503-517.

20. Naylor, S.L., Sakaguchi, A.Y., Shows, T.B., Law, M.L., Goeddel, D.V. and
Gray, P.W. (1983) J. Exp. Med. 57, 1020-1027.

21. Shows, T.B. and Brown, J.A. (1975) Cytogenet. Cell Genet. 14, 251-~255.

22. Human Gene Mapping 7 (1984) Cytogenet. Cell Genet. 37, 1-665.

23. Cheung, P., Kao, P-T., Law, M.L., Jones, C. and Pack, T.T. and Chan, L.
(1984) Proc. Natl. Acad. Sci (USA) 81, 508-511.

24. Law, S.W., Gray, G., Brewer, H.B., Jr., Sakaguchi, A.Y. and Naylor, S.L.
(1984) Biochem. Biophys. Res. Commun. 118 934-941.

305



Vol. 125, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

25.

26.
27.

28.
29.
30.
31.
32.
33.
34,
35.

36.

Bruns, G.A.P., Karathanasis, S.K. and Breslow, J.L. (1983)
Arteriosclerosis 4, 97-102.

D'Enstachio, P. and Ruddle, F.H. (1983) Science 220, 919-924.

Francke, U., Brown, M.S., and Goldstein, J.L. (1984) Proc. Natl. Acad.
Sci. (UsA) 81, 2826-2830.

Lusis, A.J., Taylor, B.A., Wangenstein, R.W. and LeBoeuf, R.C. (1983)

J. Biol. Chem. 258, 5071-5078.

Davisson, M.T. and Roderick, T.H. (1984) Mouse News Lett. 71, 8-10
Wilcox, F.H. (1978) Mouse News Lett. 59, 23.

Buckle, V.J., Edwards, J.H., Evans, E.P., Jonasson, J.A., Lyon, M.F.,
Peters, J., Searle, A.G. and Wedd, N.S. (1984) Clinical Genetics gg, 1-11.
Chirgwin, J.M., Schaefer, I.M., Rotwein, P.F., Piccini, N., Gross, K.W.,
and Naylor, S.L. (1984) Somatic Cell Genet. 10, 415-421.

Tricoli, J.V., Rall, L.B., Scott, J., Bell, G.I. and Shows, T.B. (1984)
Nature 310, 784-786.

Cohen, D.C., Massoglia, S.L. and Gospdarowicz, D. (1982) J. Biol. Chemn.
257, 9429-9437.

Scott, J., Urdea, M., Quiroga, M., Sanchez-Pescador, R., Fong, N., Selby,
M., Rutter, W.J. and Bell, G.I. (1983) Sciemce 221, 236-240.

Russell, D.W., Schneider, W.J., Yamamoto, T., Luskey, K., Brown, M.S. and
Goldstein, J.L. (1984) Cell 37, 577-585.

306



