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ABSTRACT The primate cell-derived transforming gene (v-
sis) of simian sarcoma virus (SSV) is represented as a single copy
marker within cellular DNAs ofmammalian species including hu-
man. The human analogue of v-sis can be distinguished from its
rodent counterparts by Southern blotting analysis of EcoRI-re-
stricted DNAs. By testing for the presence of the human v-sis-re-
lated fragment, c-sis (human), in somatic cell hybrids possessing
varying numbers of human chromosomes, as well as in segregants
of such hybrids, it was possible to assign c-sis to human chromo-
some 22.

The study of acute transforming RNA tumor viruses has pro-
vided a potentially important approach to elucidating mecha-
nisms involved in human malignancy. These agents generally
cause sarcomas and hematopoietic malignancies but, in some
cases, also induce carcinomas (for reviews, see refs. 1-4). Con-
vincing evidence has accumulated that sarcoma viruses have
arisen by recombination of replication-competent type C RNA
viruses with evolutionarily well-conserved cellular genes.
These latter sequences, termed onc genes, have been found to
be required for the induction or maintenance of viral transfor-
mation (or both) (5-11). Certain independent sarcoma virus
isolates of the same (12-15) and even of different species (16,
17) have been found to contain the same or closely related onc
genes. These findings suggest that there may exist only a limited
set of distinct cellular genes with transforming potential.
The only known transforming retrovirus of primate origin

(simian sarcoma virus, SSV) was initially obtained from a nat-
urally occurring tumor of a woolly monkey (18). Recombinant
DNA techniques recently have made it possible to clone in bi-
ologically active form the integrated genome of this virus (19,
20). The full-length linear 5. 1-kilobase-pair (kbp) SSV genome
contains a 1.0-kbp segment of helper virus-unrelated informa-
tion localized toward the 3' end with respect to SSV RNA. These
sequences, designated v-sis, have been found to be essential
for SSV-transforming functions (unpublished observations). Se-
quences related to v-sis are detectable at low-copy-number
within the DNAs of various vertebrates including human (21,
22), and transcripts related to v-sis recently have been shown
to be present in cells of certain human tumors (23, 24).

Understanding the interactions of the human analogue of
v-sis, designated c-sis (human) (25), with other cellular genetic
elements might be greatly facilitated by knowledge of its chro-
mosomal location. Using cloned v-sis as a probe to analyze the
human/rodent somatic cell hybrids, which segregate human
chromosomes, we have determined the chromosomal location
of c-sis in the human genome.

MATERIALS AND METHODS
Cell Culture.. Human fibroblast lines used in cell fusions in-

cluded diploid WI 38 (ATCC CCL75), an hprt- simian virus 40-
transformed WI 18 line VA2 (26), and atk- HeLa derivative AV3
(ATCC CCL 21). Rodent cell lines employed were murine
hprt- L-A9 (27), murine tk- L-B82 (27) and LMTKC1 1D (28),
and an hpr- derivative ofthe hamster CHV79 line. Cells were
grown in monolayer cultures in modified Eagle's minimal es-
sential medium containing 5% or 10% fetal bovine serum. Ea-
gle's spinner medium was used for suspension cultures.

Cell Hybridization. Human and rodent cells were cultivated
together (1: 1 mixture) in plastic Petri dishes (6- or 10-cm di-
ameter) for 24 hr before induction of cell fusion with 52.5%
polyethylene glycol, average Mr 1,000 (29). Selective hypoxan-
thine/aminopterin/thymidine medium was applied 24 or 48 hr
after fusion, and independent colonies were cloned after ap-
proximately 2 wk. Hybrid cell lines usually were expanded in
nonselective medium and analyzed 1-6 months after isolation.

Isoenzyme Analyses. Washed cell pellets were simulta-
neously prepared for DNA isolation and isoenzyme analyses
from hybrid cell lines that had been expanded to 2-10 x 108
cells. These pellets were stored frozen at -80'C until used. The
human chromosomes present in each hybrid cell line were de-
termined from starch gel electrophoretic analyses (30, 31) of
isoenzyme markers which have been previously assigned to
each of the human chromosomes (32). The isozyme markers
used were enolase 1 (ENO-1; EC 4.2.1.11), peptidase C (pepC;
EC 3.4.11.-), phosphoglucomutase 1 (PGM-1; EC 2.7.5.1), and
phosphogluconate dehydrogenase (6-PGD; EC 1.1.1.44) [chro-
mosome (chr) 1]; soluble malate dehydrogenase (MDH-S; EC
1. 1.1.37) and acid phosphatase 1 (ACP-1; EC 3.1.3.2) (chr 2p);
soluble isocitrate dehydrogenase (IDH-S; EC 1.1.1.42) (chr 2q);
aminoacylase 1 (ACY-1; EC 3.5.1.14) and sometimes glutathi-
one peroxidase 1 (GPX-1; EC 1.11.1.9) (chr 3); peptidase S
(PepS; EC 3.4.11.-) and phosphoglucomutase 2 (PGM-2; EC
2.7.5.1) (chr 4); hexosamidase B (Hex B; EC 3.2.1.30) (chr 5);
soluble malic enzyme (ME-1; EC 1.1.1.40), phosphogluco-
mutase 3 (PGM-3; EC 2.7.5.1), and mitochondrial superoxide
dismutase (SOD2; EC 1.15.1.1) (chr 6); beta glucuronidase
(GUS; EC 3.2.1.31) and uridine phosphorylase (UP; EC 2.4.2.3)
(chr 7); glutathione reductase (GSR; EC 1.6.4.2) (chr 8);
adenylate kinase 1 (AK-1; EC 2.7.4.3) and soluble aconitase
(ACON-S; EC 4.2.1.3) (chr 9); soluble glutamate oxaloacetate
transaminase (GOT-S; EC 2.6.1.1) and adenosine kinase (ADK;
EC 2.7.1.20) (chr 10); lactate dehydrogenase A (LDH-A; EC
1.1.1.27) and esterase A4 (EsA-4; EC 3.1.1.1) (chr 11); lactate
dehydrogenase B (LDH-B; EC 1.1.1.27) and peptidase B (Pep
B; EC 3.4.11.-) (chr 12); esterase D (EsD; EC 3.1.1 .1) (chr 13);

Abbreviations: SSV, simian sarcoma virus; kbp, kilobase pair(s); bp,
base pair(s).
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purine nucleoside phosphorylase (NP; EC 2.4.2.1) (chr 14);
mannose phosphate isomerase (MPI; EC'5.4.1.8), pyruvate ki-
nase 3 (PK-3; EC 2.7.1.40), and hexosaminidase A (Hex A; EC
3.2.1.30) (chr 15); adenine phosphoribosyltransferase (APRT;
EC 2.4.2.7) and NADH diaphorase 4 (DIA-4; EC 1.6.2.2) (chr
16); galactokinase (GALK; EC 2.7.1.6) (chr 17); peptidase A
(Pep A; EC 3.4.11.-) (chr 18); glucosephosphate isomerase (GP
I; EC 5.3.1.9) and peptidase D (Pep D; EC 3.4.13.9) (chr 19);
adenosine deaminase (ADA;' EC 3.5.4.4) (chr 20); soluble su-
peroxide dismutase (SOD-1;' EC 1.15.1.1) (chr 21); mitochon-
drial aconitase (ACON-M; EC 4.2.1.3) and NADH diaphorase
1 (DIA-1; EC 1.6.2.2) (chr 22); hypoxanthine phosphoribosyl-
transferase (HPRT; EC 2.4.2.8) and glucose-6-phosphate de-
hydrogenase (G6PD; EC 1.1.1.49) (X chromosome).
The presence of the short arm ofhuman chromosome 6 (chr

6p) was also determined by blot hybridization with a molecu-
larly cloned probe of DNA for the HLA histocompatibility an-
tigen-(33). Human-mouse hybrid cell lines were also tested for
sensitivity to diphtheria toxin, the toxin receptor having been
mapped to human chromosome 5 (32). The human chromosome
content of some hybrids was confirmed by karyotypic analysis
of samples of these same cell populations by using alkaline
Giemsa or Giemsa-banding procedures (34, 35).
DNA Isolation and Restriction Endonuclease Digestion.

DNA samples were prepared from hybrid cell lines by the
method of Blin and Stafford (36). Control.DNA samples were
similarly prepared from mouse and Chinese hamster livers and
human placenta. Enzymatic digestions were carried out with
EcoRI according to standard procedures.

Filter Hybridization. Digested DNA samples were size-frac-
tionated by 1% agarose gel electrophoresis and transferred to
nitrocellulose or diazobenzyloxymethyl-derivatized paper. Hy-

bridization was carried out in 50% formamide/0.75 M NaCV
0.075 M sodium citrate/20 mM sodium phosphate, pH 6.5/
0.1% FicolV0.1% .polyvinylpyrrolidone/0.1% bovine serum
albumin/sheared, denatured. salmon sperm DNA, at 100 utg/
ml/10% dextran sulfate/32P-labeled v-sis DNA at 20 ng/ml.
The v-sis probe was prepared by nick-translation of the Sac I/
Xba I fragment (Fig. 1A) derived from AkSSV-11 cl 1 (19).

RESULTS
The structure ofthe SSV genome has been determined by anal-
ysis of DNA clones containing the integrated form of SSV (19,
20). As shown on the restriction map of SSV DNA (Fig. 1), v-
sis is located near the 3' end of the viral genome. A 970-base
pair (bp) subgenomic Sac I/Xba I fragment composed entirely
of v-sis sequences'was subcloned in pBR322 and used as a mo-
lecular probe for the detection of c-sis (human). Because sis se-
quences are known to be conserved within the DNAs of mam-
malian species, it was necessary to select a restriction enzyme
that would make it possible to distinguish the c-sis (human) se-
quence from corresponding sequences present in rodent DNAs.
The results of analysis ofDNAs digested with EcoRI are shown
in Fig. 1B. A single .20-kbp fragment of v-sis-related DNA was
detected in human DNA. This 20-kbp fragment was readily
distinguished from a sis-related 17-kbp fragment present in
Chinese hamster DNA and three fragments (17, 10, and 3 kbp)
in mouse-DNA (Fig. 1B).

Somatic cell hybrids formed between human and either
mouse or Chinese hamster cells are known to segregate human
chromosomes (37). As shown in Fig. 2j hybridization of v-sis to
EcoRI-restricted DNAs from 24 such hybrids detected the ho-
mologous human sequence in only 6 of the lines (lines 1, 2, 3,
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FIG. 1. (A) Map of the cloned SSV genome. o, The large terminal repeat (LTR) sequences; U, the v-sis transforming region. (B) Hybridization
of v-sis to EcoRI-digested genomic DNAs. Human placenta, Chinese hamster kidney, and mouse liver DNAs were digested with EcoRI. The digests
of these DNAs were run individually in the first three lanes starting at the left. Mixtures (50:50) of human-Chinese hamster DNA and hu-
man-mouse DNA are shown in the remaining lanes at the right. Size separation and detection of the v-sis-related fragments were performed as
described.
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FIG. 2. Human chromosome and c-sis (human) distribution in somatic cell hybrids. Individual hybrid cell lines are represented on the ordinate
and specific human chromosomes on the abscissa. Solid squares indicate the presence of a particular chromosome in a particular cell line; A and
7 indicate the presence of only the short arm or long arm, respectively; solid squares in the last column indicate the presence of c-sis (human).

12, 21, and 25). Analysis of the human chromosome content of
these hybrids revealed concordance only between the presence
of c-sis (human) and chromosome 22 (Fig. 2).

As a confirmation of the assignment of c-sis (human) to chro-
mosome 22, three of the hybrid cell lines containing chromo-
some 22 were subcloned. This procedure served to permit fur-
ther human chromosome segregation. Spontaneous loss of
chromosome 22 was observed in many of the subclones. As
shown in Fig. 3, detection of c-sis (human) by molecular hy-
bridization was completely concordant in each series of sub-
clones with the presence of chromosome 22.
We utilized two additional DNA probes to test the chro-

mosomal assignment of c-sis. The human c-sis locus including
flanking sequences has recently been molecularly cloned (ref.
22; unpublished observations). A DNA probe comprised of hu-
man unique sequences 9 kbp upstream ofc-sis detected a 5-kbp
HindIII fragment specifically in DNAs of those cell lines that
scored as positive with the v-sis probe (data not shown). The
human A immunoglobulin light chain locus has recently been
mapped on chromosome 22 (38, 39). When this gene was used
as a molecular probe in the analysis of the same somatic cell
hybrids, complete concordance of its presence with that of c-sis
was observed (data not shown). All of the above results make
it possible to assign the c-sis gene to human chromosome 22.

DISCUSSION
In an attempt to examine possible interactions of the human c-

sis locus with other cellular genetic elements, we undertook its
chromosomal mapping. The analytical procedures involved in
mapping c-sis (human) utilized digestion ofDNA from somatic
cell hybrids with various restriction endonucleases, size frac-

tionation of DNA fragments by electrophoresis, and Southern
blotting analysis utilizing molecularly cloned v-sis as a probe.
By selection of an appropriate restriction enzyme, this method
permitted analysis despite background hybridization of the v-
sis probe to homologous rodent DNA sequences. By analysis
of a large number ofhybrid cell lines containing different num-
bers of human chromosomes, as well as segregant subclones,
we were able to assign c-sis (human) to human chromosome 22.

Similar molecular approaches have been utilized successfully
in the chromosomal mapping of a variety of eukaryotic genes
(38-43). All such studies are dependent upon the accuracy with
which human chromosomes can be identified. Chromosome 22
has several biochemical markers (31, 38) which facilitate its de-
tection in hybrid cells. However, it is possible that unantici-
pated translocations might cause erroneous gene assignment.
In an attempt to preclude this possibility, we utilized more than
one human parental cell line in the construction of the somatic
cell hybrids analyzed in the present studies.
Chromosome 22 is a small acrocentric chromosome to which

no cancer-associated genes have been previously assigned.
However, this human chromosome is one of several in which
translocations are associated with specific types of tumors. The
so-called Philadelphia chromosome, found in almost all cases
of chronic myelogenous leukemia, involves the reciprocal trans-
location of the distal portion ofchromosome 22 (22q11) onto the
long arm of chromosome 9 (44). The Philadelphia chromosome
also has been identified in some cases of multiple myeloma as
well as in other B cell neoplasms (45). A different translocation
of chromosome 22 is found in many instances of Burkitt's lym-
phoma. The same region of chromosome 22 (22q11) is trans-
located but in this case onto chromosome 8 (46).

Genetics: Swan et at
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FIG. 3. Concordance of c-sis (human) with chromosome 22 in subclones. Three c-sis (human)-positive cell lines were subcloned and then analyzed

for retention of the c-sis (human) gene. The complete karyotype of each subelone was determined, although only the presence of human chromosome
22 is indicated here (solid square). DNA from each subclone was restricted with EcoRI and hybridized to nick-translated v-sis after transfer to
nitrocellulose filters. In each series, human placenta (Hu) and Chinese hamster (Ha) DNA samples were included as controls.

It has been suggested that the specific translocations asso-

ciated with certain tumors may cause activation of genes in-
volved in the transformation process (47). The evidence for gene
activation is strengthened when one considers the transloca-
tions most commonly seen in certain B cell malignancies. These
involve translocations of chromosomes 2, 14, and 22 into chro-
mosome 8. The human immunoglobulin genes for the K and A
light chains and the heavy chains are known to be on chromo-
somes 2, 22, and 14, respectively (38, 48). Analogous, nonran-

dom chromosome translocations in mouse plasmacytomas also
involve chromosomes containing immunoglobulin genes (49).
Translocations involving such chromosomes may be related to
the DNA rearrangements that are known to take place in the
course of B cell differentiation (50). It must be noted that spe-
cific chromosomal rearrangements associated with other can-

cers, such as acute myelogenous leukemia and acute nonlym-
phocytic leukemia, involve other chromosomes as well (44).
Although the translocations associated with those malignancies
cannot be dependent upon immunoglobulin gene rearrange-
ments, it is possible that other DNA rearrangements are
involved.

In efforts to explore the possible role of c-sis (human) in ma-
lignancy, we have sought to study a variety of human tumors
for the presence oftranscripts related to this retroviral onc gene
(23, 24). In a limited number of tumors and tumor cell lines
derived from B cell lymphomas or chronic myelogenous leu-
kemias so far analyzed, sis-related transcripts have not been
detected. These findings argue that translocations involving
chromosome 22 in those tumors have not resulted in sis gene
activation. However, sis-related transcripts have been detected
in tumor cell lines derived from certain human sarcomas and
glioblastomas (23). It will be of interest to determine whether
translocations or other detectable aberrations affecting chro-
mosome 22 can be detected in these tumor cells.
1. Bishop, J. M. (1978) Annu. Rev. Biochem. 47, 35-88.
2. Graf, T. & Beug, H. (1978) Biochim. Biophys. Acta 516, 269-299.

3. Rosenberg, N. E. & Baltimore, D. (1980) in Viral Oncology, ed.
Klein, G. (Raven, New York), pp. 187-203.

4. Shih, T. Y. & Scolnick, E. M. (1980) in Viral Oncology, ed.
Klein, G. (Raven, New York), pp. 135-160.

5. Wang, L.-H. & Duesberg, P. H. (1974)J. Virol. 14, 1515-1529.
6. Stehelin, D., Varmus, H. E., Bishop, J. M. & Vogt, P. K. (1976)

Nature (London) 260, 170-173.
7. Anderson, P., Goldfarb, N. P. & Weinberg, R. A. (1979) Cell 16,

63-75.
8. Canaani, E., Robbins, K. C. & Aaronson, S. A. (1979) Nature

(London) 282, 378-383.
9. Oskarsson, M., McClements, W. L., Blair, D. L., Vande

Woude, G. F. & Maizel, J. V. (1980) Science 207, 1222-1224.
10. Rosenberg, N. & Witte, 0. N. (1980)J. Virol 33, 340-348.
11. Wei, C.-M., Lowy, D. R. & Scolnick, E. M. (1980) Proc. Natl

Acad. Sci. USA 77, 4674-4678.
12. Bister, K., L6iger, H.-C. & Duesberg, P. H. (1979)J. Viroi 32,

208-219.
13. Frankel, A. E., Gilberg, J. H., Porzig, K. L., Scolnick, E. M.

& Aaronson, S. A. (1979) J. Virol. 30, 821-827.
14. Ellis, R. W., DeFeo, D., Shih, T. Y., Gonda, M. A., Young, H.

A., Tsuchida, N., Lowy, D. R. & Scolnick, E. M. (1981) Nature
(London) 292, 506-511.

15. Ghysdael, J., Neil, J. C. & Vogt, P. K. (1981) Proc. Nati Acad.
Sci. USA 78, 2611-2615.

16. Shibuya, M., Hanafusa, T., Hanafusa, H. & Stephenson, J. R.
(1980) Proc. Natl. Acad. Sci. USA 77, 6536-6540.

17. Andersen, P. R., Devare, S. G., Tronick, S. R., Ellis, R. W.,
Aaronson, S. A. & Scolnick, E. M. (1981) Cell 26, 129-134.

18. Thielen, G. J., Gould, D., Fowler, M. & Dungworth, D. L.
(1971) J. Natl Cancer Inst. 47, 881-889.

19. Robbins, K. C., Devare, S. G. & Aaronson, S. A. (1981) Proc.
Nati Acad. Sci. USA 78, 2918-2922.

20. Gelmann, E. P., Wong-Staal, F., Kramer, R. A. & Gallo, R. C.
(1981) Proc. Nat. Acad. Sci. USA 78, 3373-3377.

21. Robbins, K. C., Hill, R. L. & Aaronson, S. A. (1982)J. Virol. 41,
721-725.

22. Favera, R. D., Gelman, E. P., Gallo, R. C. & Wong-Staal, F.
(1981) Nature (London) 292, 31-35.

23. Eva, A., Robbins, K. C., Andersen, P. R., Srinivasan, A., Tron-
ick, S. R., Reddy, E. P., Ellmore, N. W., Galen, A. T., Lauten-
berger, J. A., Papas, T. S., Westin, E. H., Wong-Staal, F.,

1 Subclone

2 Subelone

3 Subclone

I--- IIML... I

4694 Genetics: Swan et aL



Proc. Natl. Acad. Sci. USA 79 (1982) 4695

Gallo, R. C. & Aaronson, S. A. (1982) Nature (London) 295,
116-119.

24. Westin, E. H., Wong-Staal, F., Gelmann, E. P., Dalla Favera,
R., Papas, T. S., Lautenberger, J. A., Eva, A., Reddy, E. P.,
Tronick, S. R., Aaronson, S. A. & Gallo, R. C. (1982) Proc. Natl.
Acad. Sci. USA 79, 2490-2494.

25. Coffin, J. M., Varmus, H. E., Bishop, J. M., Essex, M., Hardy,
W. D., Martin, G. S., Rosenberg, N. E., Scolnick, E. M., Wein-
berg, R. A. & Vogt, P. K. (1981) J. Virol 40, 953-957.

26. Weiss, M. C., Ephrussi, B. & Scaletta, L. J. (1968) Proc. Nati
Acad. Sci. USA 59, 1132-1135.

27. Littlefield, J. W. (1966) Exp. CelllRes. 41, 190-196.
28. Kit, S., Dubbs, D., Piekarski, L. & Hsu, T. (1963) Exp. CelL Res.

31, 297-312.
29. Davidson, R. L. & Gerald, P. S. (1976) Somatic Cell Genet. 2,

165-176.
30. Nichols, E. A. & Ruddle, F. H. (1973)J. Histochem. Cytochem.

21, 1066-1081.
31. Harris, H. & Hopkinson, D. A. (1976) Handbook of Enzyme

Electrophoresis in Human Genetics (North-Holland, Amsterdam).
32. Evans, H. J., Hamerton, J. L. & Berg, K., eds. (1981) Human

Gene Mapping VI, Sixth International Workshop on Human
Gene Mapping (Karger, Basel).

33. Ploegh, H. L., Orr, H. T. & Strominger, J. L. (1980) Proc. Natl
Acad. Sci. USA 77, 6081-6085.

34. Wyandt, H. E., Wysham, D. G., Mindern, S. K., Anderson, R.
S. & Hecht, F. (1976) Exp. CelllRes. 102, 85-94.

35. Seabright, M. (1971) Lancet ii, 971-972.
36. Blin, N. & Stafford, D. W. (1976) NucleicAcids Res. 4, 2303-2307.
37. Weiss, M. C. & Green, H. (1967) Proc. Nati Acad. Sci. USA 58,

1104-1111.

38. McBride, 0. W., Hieter, P. A., Hollis, G. F., Swan, D., Otey,
M. C. & Leder, P. (1982)J. Exp. Med. 155, 1480-1490.

39. Erikson, J., Martines, J. & Croce, C. M. (1981) Nature (London)
294, 173-175.

40. Leder, A., Swan, D., Ruddle, F., D'Eustachio, P. & Leder, P.
(1981) Nature (London) 293, 196-200.

41. Swan, D., D'Eustachio, P., Leinwand, L., Seidman, J., Keith-
ley, D. & Ruddle, F. (1979) Proc. Natl Acad. Sci. USA 76,
2735-2739.

42. D'Eustachio, P., Pravtcheva, D., Marcu, K. & Ruddle, F. H.
(1980) J. Exp. Med. 151, 1545-1550.

43. Popp, R. A., Lalley, P. A., Whitney, J. B. & Anderson, W. F.
(1981) Proc. Natl. Acad. Sci. USA 78, 6362-6366.

44. Rowley, J. D. (1980) Annu. Rev. Genet. 14, 17-39.
45. Van Den Berghe, H., Louwagle, A., Broeckaert-Van Orshoven,

A., David, G., Verwilghen, R., Michaux, J. L. & Sokal, G. (1979)
J. Natl Cancer Inst. 63, 11-16.

46. Bernheim, A., Berger, R. & Lenoir, G. (1981) Cancer Genet.
Cytogenet. 3, 307-315.

47. Klein, G. (1981) Nature (London) 294, 313-318.
48. Croce, C. M., Shander, M., Martinis, J., Cicurel, L., D'Ancona,

G., Dolby, T. W. & Koprowski, H. (1979) Proc. Natl Acad. Sci.
USA 76, 3416-3419.

49. Ohno, S., Babonits, M., Wiener, F., Spira, J., Klein, G. & Pot-
ter, M. (1979) Cell 18, 1001-1007.

50. Korsmeyer, S. J., Hieter, P. A., Ravetch, J. V., Poplack, D. G.,
Waldmann, T. A. & Leder, P. (1981) Proc. Natl Acad. Sci. USA
78, 7096-7100.

Genetics: Swan et al.


