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Human cellular DNA contains two distinguishable families of retroviral related sequences. One family shares
extensive nucleotide sequence homology with infectious mammalian type C retroviral genomes (T. I. Bonner,
C. O'Connell, and M. Cohen, Proc. Natl. Acad. Sci. USA 79:4709-4713, 1982; M. A. Martin, T. Bryan, S.
Rasheed, and A. S. Khan, Proc. Nati. Acad. Sci. USA 78:48924896, 1981). The other family contains major
regions of homology with the pol genes of infectious type A and B and avian type C and D retroviral genomes
(R. Callahan, W. Drohan, S. Tronick, and J. Schlom, Proc. Natl. Acad. Sci. USA 79:5503-5507, 1982; I. M.
Chiu, R. Callahan, S. R. Tronick, J. Schlom, and S. A. Aaronson, Science 223:364-370, 1984). Analysis of the
human recombinant clone HLM-2 has shown that the pol gene in the latter family is located within an
endogenous proviral genome (R. Callahan, I. M. Chiu, J. F. H. Wong, S. R. Tronick, B. A. Roe, S. A.
Aaronson, and J. Schlom, Science 228:1208-1211, 1985). We show that the proviral genome in HLM-2 and the
related recombinant clone HLM-25 are located, respectively, on human chromosomes 1 and 5. Other related
proviral genomes are located on chromosomes 7, 8, 11, 14, and 17.

Retroviruses appear to have had an intimate association
with avian and mammalian species throughout much of their
evolution. The occasional infection of germ cells or early-
developing embryos in utero has resulted in the accumula-
tion of endogenous proviral genomes which are transmitted
as stable Mendelian genes (8). Most mammalian species
contain from several hundred to thousands of copies of
endogenous proviral genomes (8, 18, 21, 27). Certain inbred
strains of mice with a high incidence of leukemia (AKR
strain) or mammary tumors (GR strain) contain endogenous
proviral genomes which are responsible for the production of
highly infectious retroviruses (23, 28, 30). Depending on the
site of integration, endogenous proviral genomes can influ-
ence the expression of cellular genes either by altering their
normal transcriptional control or by physically disrupting the
genes. The dilute coat color and recessive, lethal, collagen I
gene mutations in certain inbred mouse strains represent
examples of this phenomenon (3, 17).
The use of low-stringency blot hybridization has recently

permitted the detection of sequences related to infectious
murine and primate retroviral genomes in human cellular
DNA. These endogenous proviral genomes can be separated
into two groups (7): (i) proviral genomes which share exten-
sive nucleotide sequence homology with mammalian type C
retroviral genomes (2, 19, 29) and (ii) a novel class of proviral
genomes which represents a mosaic of sequences character-
istic of different infectious retroviral genera (5). Analysis of
a recombinant clone of human cellular DNA (designated
HLM-2) containing one of these mosaic proviral genomes
demonstrated that it possesses env gene sequences related to
a murine type A retrovirus, long terminal repeat (LTR)
sequences related to the type D squirrel monkey retrovirus,
and pol gene sequences related to each of these as well as to
type B mouse mammary tumor virus and avian type C Rous
sarcoma virus (4, 5, 20). There are 50 and 1,000 copies,
respectively, of the HLM-2 pol- and the LTR-related se-
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quences in human cellular DNA (T. M. Horn, M. Gonda,
and R. Callahan, manuscript in preparation). Although ex-
pression of endogenous human type C proviral genomes has
been detected in normal and tumor tissues (26), the role
which they or the HLM-2 proviral genomes play in the
etiology of human neoplasia is unknown.

In humans, certain cancers occur in family clusters, which
implies a genetic predisposition to the development of dis-
ease in these individuals (1, 14). Similarly, there are several
hereditary illnesses which appear to be linked to defective
cellular genes (22). To assess the potential involvement of
endogenous retroviral genomes in these genetic disorders,
we have begun to determine the distribution of HLM-2-
related proviral genomes on the different human chromo-
somes. We have analyzed cellular DNA from somatic cell
hybrids, formed between human lymphocytes or cell lines
and mouse or Chinese hamster cell culture cells, that contain
different complements of human chromosomes (9-11, 13, 15,
16; K. Huebner, M. Isobe, C. M. Croce, D. W. Golde, S. E.
Kaufman, and J. Gasson, Science, in press). The origins of
the recombinant DNA probes used in this analysis are
depicted in Fig. 1. EcoRI-restricted human spleen DNA was
electrophoretically separated on an 0.8% agarose gel. The
gel was processed for Southern blotting onto Genatrans
(Plasco) using 20x SSC as the transfer medium (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate). Strips were
prehybridized at 55C in Genatrans hybridization solution
(5x Denhardt solution [12], 1% sodium dodecyl sulfate, 3x
SSPE [20x SSPE is 3 M NaCl-0.2 M NaH2PO4, pH 6.5],
2.5% dextran sulfate, 0.001 M sodium phosphate, [pH 6.7])
containing 50%o formamide (deionized). Filters were hybrid-
ized with 2.5 x 106 cpm of denatured 32P-labeled probe per
ml under relaxed conditions (20% formamide in Genatrans
hybridization solution) at 37°C for 36 h and then washed to
stringent conditions (0.1x SSC-0.1% sodium dodecyl sul-
fate, 65°C). The filters were exposed to Kodak XAR film at
-70°C, and Cronex intensifier screens were used for the
following lengths of time: probe A (HLM-2 pol-env), 4 h;
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0 kb 5 10 1 5 probes detects a single EcoRI restriction fragment in human
I L __ I ___- ----I- cellular DNA (Fig. 1).

Southern blot analysis was performed on EcoRI- and
5 LTR GAG POL ENV LTR 3' XbaI-restricted DNAs from the somatic cell hybrids and

parental cells. Mouse and Chinese hamster DNA failed to
react with probe A (Fig. 2A, lanes 2 and 3). Probe A detected----------

r----- 1 - . ^10 restriction fragments ranging in sizes from 2 to 25 kbp inE PPR V V R R P EcoRI-restricted human DNA (Fig. 2A, lanes 1, 9, and 11).
A DNAs digested with XbaI yielded a pattern of 11 restriction

fragments, with the major fragment of 24 kbp (Fig. 2B, lane
1). Analysis of DNAs from several hybrids suggests that
most of the restriction fragments occur on a number of

B _ different chromosomes (Fig. 2). Several of the restriction
fragments were found on chromosomes 7, 8, 11, and 17.
Only the 4-kbp EcoRI and the 24-kbp XbaI fragments appear

C - to have a limited chromosomal distribution. These fragments
were present in hybrids containing chromosome 14. When

5 3 / DNA from the hybrid retaining only chromosome 14q+
4 L M - 2 5 , (most of chromosome 14 and a small portion of chromosome
Bl-r R R X 8) was digested with EcoRI or XbaI, the 4- and 24-kbpURIR fragments, respectively, were present (Fig. 2A, lane 6, and

2B, lane 2). This hybrid contains the human 14q+ chromo-
some (14pter -* 14q32: :8q24 -- 8qter) of a Burkitt lymphoma
cell line carrying an 8;14 chromosome translocation (11).

B C D The 4-kbp EcoRI fragment in this hybrid is not derived from
a piece of chromosome 8, since a hybrid containing only an

kb 9 intact human chromosome 8 did not contain the 4-kbpkb
fragment (Fig. 2A, lane 7). A similar finding was observed
with the 24-kbp XbaI fragment (Fig. 2B, lane 3). We con-
clude that the 4-kbp EcoRI and 24-kbp XbaI fragments are
located on chromosome 14. The intensity of the hybridiza-

- 8.4 tion signal with these two fragments in human DNA suggests
* that they are present in the genome in multiple copies.

4.0 z 49 Whether this signal intensity reflects gene duplication on
3. chromosome 14 or the presence of the fragments on other
208 chromosomes not present in these somatic cell hybrids

remains to be determined.
Probe B (HLM-2 proviral env-LTR) detects at least 30

tsl9 9distinct EcoRI fragments in human cellular DNA (Fig. 3,
lane H) but does not hybridize to mouse cellular DNA (Fig.
3, lane M). Many of the LTR-related sequences in human

w -~1.5 cellular DNA are not associated with retroviral related
structural genes (J. Fetherston and R. Callahan, manuscript
in preparation). DNAs from a panel of hybrid cells (9-11, 13,
15, 16; Huebner et al., in press), characterized for the

1. Probes used to localize HLM sequences on human presence of specific human chromosomes by isozyme anal-
lomes. (a) Partial restriction maps of HLM-2 and HLM-25. ysis and, in some cases, karyotypic analysis and DNA-DNA
ations: B, BamHI; P, PstI; R, EcoRI; V, EcoRV. The hybridization with DNA probes for genes assigned to spe-
vere 3.7-kbp EcoRI fragment (A), 1.5-kbp EcoRI fragment cific chromosomes (Table 1), were analyzed for the presence
kbp EcoRI-PstI fragment (C), and 0.55-kbp EcoRI-BamHI of sequences homologous to those of probes B, C, and D as
t(D). (b) Hybridization patterns to human spleen cellular described above. Hybridization of probe B under stringent
b, Kilobases. conditions (30% formamide, 37°C) to blots of EcoRI-

restricted cellular DNA from hybrids containing chromo-
somes 7, 14q+, or 17 reveals a complex pattern of related

3 (HLM-2 env-LTR), overnight; probe C (HLM-2, fragments (Fig. 3, lanes 1, 5, and 8). Many of the fragments
e), overnight; probe D (HLM-25, 5' flank), over- appear to be unique to each chromosome. Similar analysis of

hybrids containing multiple human chromosomes (Fig. 3 and
-s A and B correspond respectively to a 3.7-kilobase- Table 1) suggests that the LTR-related sequences are found
bp) EcoRI fragment containing pol-env gene se- throughout the cellular genome. These results demonstrate
and a 1.5-kbp EcoRI fragment containing env-LTR that the disparity in copy number between the HLM-2 pol

.es. Each probe hybridizes to a complex array of gene-related sequences (50 copies) and the LTR-related
its in EcoRI-restricted normal human lymphocyte sequences (1,000 copies) in human cellular DNA is not due
Probes C and D are restriction fragments flanking, to the tandem duplication of the latter sequences on a few
ively, the proviral genomes in recombinant clone human chromosomes.
b and the related proviral genome in recombinant The chromosomal locations of the proviral genomes in
ILM-25 (Horn et al., in preparation). Each of these recombinant clones HLM-2 and HLM-25 were determined
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FIG. 2. Hybridization of HLM-2 pol-env to somatic cell hybrids containing only one or a few human chromosomes. Genomic DNAs were
extracted from clones of mouse x human or Chinese hamster x human somatic cell hybrids. DNAs were digested with EcoRI (A) or XbaI
(B) and then subjected to agarose gel electrophoresis and transferred to nitrocellulose. The blots were hybridized with pBR322 containing
probe region A of Fig. 1 at low stringency. (A) EcoRI-cleaved DNA (10 ,Lg per lane) from normal human lymphocytes (lane 1), mouse cell
line (lane 2), Chinese hamster cell line (lane 3), mouse-human hybrid retaining human chromosomes 6, 7, 17q, and 21 (lane 4), mouse-human
hybrid retaining chromosome 7 (lane 5), mouse-human hybrid retaining translocation chromosome 14q+(14qter -+ 14q32: :8q24 -+ 8qter) (lane

6), Chinese hamster-human hybrid retaining chromosome 8 (lane 7); mouse-human hybrid retaining chromosome 11 (lane 8), human cell line
(lane 9), mouse-human hybrid retaining chromosome 17 (lane 10), and simian virus 40-transformed human cell line (lane 11). (B) XbaI digests
of DNA (10 ,ug per lane) from human cell line (lane 1) and hybrids retaining the following human chromosomes: 14q+ (lane 2), chromosome
8 (lane 3), chromosome 17 (lane 4), chromosomes 6, 7, 17q, and 21 (lane 5), chromosome 7 (lane 6), chromosome 11 (lane 7), mouse cell line
(lane 8).
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FIG. 3. Hybridization of probe B (panel A) and a mixture of probes C and D (panel B) to DNA from BW5417 mouse cells (lane M), human

peripheral lymphocytes (lane H), and human x mouse somatic cell hybrids containing mixtures of human chromosomes (lanes 1-15 described
in Table 1).
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TABLE 1. HLM-2 and HLM-25 specific sequences in mouse x
human somatic cell hybrids

Human Hybrid no.'
chromosome
or probe 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 + + +
2 + +
3 + + + + +
4 + + + + + + + +
5 + + + +
6 + + + + + + +
7 + + + +
8 + + +
9 + + + + +
10 + + +
11 + +
12 + + + + +
13 + + + + +
14 + + + + + + + +
15 +
16
17 + + + + + + + +
18 + + + +
19 +
20 + + + + + + +
21 + +
22 + + + + +
x + + + + + + + + +

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
HLM-2 - + - - - + + - - - - - - - -
probe C

HLM-25 - + - + - + - - + - - - - - -
probe D

"Hybrid 5 contained a 14q+ (14pter -* 14q32::8q24 -* 8qter) chromosome
from a Burkitt lymphoma and thus contained most of chromosome 14 and a
small part of the long arm of chromosome 8. Hybrid 15 retained normal
chromosomes 6 and X and a t(14;20) (14qll -- 14qter::20pter -- 20q1.1).

by using unique host flanking restriction fragments (probes C
and D, Fig. 1). The same blot used with probe B was
dehybridized by two washes in 0.4 M NaOH for 20 min at
room temperature and neutralized in 0.2 M Tris (pH
7.5)-0.1 x SSC-0.5% sodium dodecyl sulfate before the next
hybridization cycle (Fig. 3B) with a mixture of probes C and
D. The concordance of segregation of restriction fragments
related to these probes with specific human chromosomes is
shown in Table 1. The proviral genomes in HLM-2 and
HLM-25 cosegregate with human chromosomes 1 and 5,
respectively. To confirm the presence of chromosomes 1 and
5 in the hybrids, filters were also hybridized in series to
probes for the human ot-spectrin gene (15) and the GM-CSF
gene (Huebner et al., in press).
Our results indicate that, at a minimum, HLM-2 pol

gene-related sequences are located on human chromosomes
1, 5, 7, 8, 11, 14, and 17. The HLM-2 LTR-related sequences
appear to be distributed throughout the human cellular
genome. In similar studies, endogenous proviral genomes
related to infectious mammalian type C retrovirus were
found on chromosomes 7 and 18 (24, 25). Human chromo-
somes 1, 8, 11, and 14 frequently either are altered by
deletion or are participants in translocations (32). Many of
these genetic alterations appear to be specific for different
neoplasias. The LTR element of endogenous proviral
genomes contains transcription start signals as well as se-
quences capable of enhancing the transcription of adjacent
cellular genes (31). It seems possible that endogenous pro-
viral genomes could contribute to tumor development by

altering the expression of cellular proto-oncogenes brought
into close proximity by chromosomal deletion or transloca-
tion events. Alternatively, some of the human proviral
genomes may act as transposable insertional mutagens. Such
an event seems to have occurred in the activation of the
c-mos proto-oncogene in mouse plasmacytomas by a retro-
viral-like intracisternal A-particle genome (6). Moreover, the
high frequency of solitary LTR elements throughout the
cellular genome makes it tempting to speculate that they,
too, may be associated with some hereditary illnesses or
neoplasia. The study reported here provides a starting point
for the further exploration of the potential role of endoge-
nous retroviral genomes in human disease.
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DNAs.
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