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We isolated and sequenced a human genomic-DNA segment that is homologous to a portion of v-rel, the
transforming gene of reticuloendotheliosis virus (strain T). We also localized the human rel sequences to human
chromosome 2 by screening a panel of rodent x human somatic-cell hybrids with the newly described human
rel segment.

Cellular homologs of retroviral transforming genes have
been identified in birds and mammals, in which these
homologs are thought to perform important roles in regulat-
ing cell proliferation and differentiation (for a review, see
reference 2). Recent studies suggest, however, that specific
alterations in normal cellular oncogene structure and expres-
sion may themselves initiate cellular transformation in the
absence of retroviral infection (e.g., see references 7, 15, 24,
and 30). Such observations have prompted investigators to
clone cellular oncogene homologs to study their normal
biological properties and to determine whether alterations in
these properties are consistently associated with naturally
occurring, nonvirally induced malignancies. In this study,
we determined the nucleotide sequence and chromosomal
localization of a cloned human DNA segment carrying two
putative exons homologous to the transforming gene (v-rel)
of reticuloendotheliosis virus strain T (REV-T). The human
c-rel sequences may provide a useful tool for studying the
structure and function of this cellular oncogene in mammals.
REV-T is a replication-defective (11) type C retrovirus (3,

12, 25, 36) that induces acute leukemia in young chickens
and turkeys (32). It is the only known acutely transforming
member (9, 10) of a retroviral family that includes spleen
necrosis virus, chick syncytial virus, duck infectious anemia
virus, and the REV-T helper reticuloendotheliosis-
associated virus (REV-A) (11, 14). The REV-T genome
carries a genomic substitution of approximately 1.42
kilobases (kb) near its 3' end (4, 6, 29) that is required for
cellular transformation (5). This sequence, termed v-rel, is
believed to have been derived from several exons of a turkey
cellular gene (4, 27, 35), and recent molecular analyses of the
turkey c-rel locus support this hypothesis (33). We began our
investigation by performing Southern transfer and hybridiza-
tion experiments to determine whether v-rel homologies
could also be detected in humans and other mammals. The
results of one such experiment in which cellular DNAs of
hamsters, mice, humans, and chickens were hybridized with
Sst v-rel, a 514-base-pair (bp) subclone of v-rel, are shown in
Fig. le. After a 3-day exposure, one or two rel-homologous
DNA bands were noted in all of the lanes, including those
containing human DNA (see also reference 4).
We next used Sst v-rel to screen (1) a human partial

HaeIII-AluI genomic-DNA library (18) constructed in the K
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vector Charon 4A. Only one of nearly 1.2 x 106 phage
recombinants hybridized with Sst v-rel. Restriction mapping
and hybridization analysis of this single phage isolate (HSrel-
1) revealed that Sst v-rel homology was limited to a 530-bp
PstI-HindIII segment at one end of the human DNA insert.
This fragment (pPHHSrel-1) was subcloned for further se-
quence analysis. Additional Sst v-rel homologies could not
be identified, leading us to speculate either that the phage
clone carried only a small portion of the human c-rel gene or
that HSrel-1 and Sst v-rel were sufficiently divergent to
prevent hybridization under the conditions used (1 M Na+,
35% formamide, 37°C; final wash, 0.02 M Na+, 0.1% sodium
dodecyl sulfate, 37°C), or both. However, HSrel-1 did con-
tain those sequences from the human genome that were most
closely related to Sst v-rel (Fig. 1).
The specific orientation and localization of the v-rel-

related region were determined by nucleotide sequencing
(19) of appropriate subcloned segments of the phage insert
(Fig. lc) by using reactions for G, G+A, C+T, C, and A>C.
The nucleotide homology was divided into two discontinu-
ous open reading frames (Fig. 2a), each of which was
bounded by consensus splice acceptor and splice donor
signals (21). In v-rel, the two regions of homology were
contiguous (see Fig. 1). These two open reading frames in
the human clone probably represented exons because nucle-
otide and predicted amino acid homologies ended abruptly 5'
to the putative splice acceptors and 3' to the putative splice
donors. Only two of the three reading frames in the presump-
tive 98-bp intron contained termination signals however;
reading frame 2 began near the middle of the first predicted
exon and extended 164 bp to a termination codon immedi-
ately after the start of the second predicted exon (see Fig.
2a). Sequence information from the corresponding chicken
and turkey c-rel introns would have helped to clarify
whether this observation was biologically meaningful. We
did note, however, that on the basis of length and sequence,
the two apparent human exons were homologous to exons 4
and 5 of the turkey c-rel gene (33, 34) (see Fig. lc and d).
Homologs of turkey c-rel exons 6a, 6b, and 7 could not be
identified in predicted regions of HSrel-1, either by sequenc-
ing (Fig. lc) or by hybridization with Sst v-rel.
A comparison of the predicted amino acid sequences of

exons 4 and 5 of turkey c-rel (33), v-rel (29), and the
rel-related human clone is presented in Fig. 2b. An immedi-
ate conclusion from this comparison is that exon 4 was
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FIG. 1. (a) Genetic map of the 5.5-kb REV-T genome (26, 29); (b) origin of Sst v-rel, a 514-bp SstI-SstI segment of the viral oncogene v-rel

(29); (c) diagram of a small portion of human genomic clone HSrel-1 showing regions of homology with Sst v-rel. (_), apparent exons.
Examples of the sequencing strategy are shown underneath the line (0, segments labeled at the 3' end; 0, segments labeled at the 5' end).
* *, Sequenced region shown in Fig. 2a. Abbreviations: H, Hindlll; P, PstI. (d) Portion of the turkey c-rel locus (33, 34). Exons 4 and
5 are homologous to the two putative exons contained in HSrel-1. (e) Genomic digests of Chinese hamster (Ha), mouse (M), human (Hu), and
chicken (Ch) DNAs probed with an Sst v-rel insert. The sizes of the marker bands are given in kilobases. Faint bands at -8 and 9.5 kb appear
in the lanes containing mouse genomic DNA restricted with BamHI and SstI, respectively. (f) Restriction digests of human genomic DNA
(lanes 1 and 2) and HSrel-1 phage clone DNA (lanes 3 and 4) hybridized with an Sst v-rel insert. For the experiments in panels e and f, 20
,ug of mammalian and 10 ,ug of chicken DNA were hybridized at 37°C in buffer containing Sx SSC (1x SSC is 0.15 M NaCl and 0.015 M
sodium citrate), 35% formamide, and 10% dextran sulfate. The filters were then washed at a final stringency of 0.1x SSC-0.1% sodium
dodecyl sulfate at 37°C.

considerably more conserved, in an evolutionary sense, than
was exon 5. Exon 4 showed only one conservative amino
acid difference (lysine v-rel -- arginine HSrel-1) in the entire

coding region. There were 16 nucleotide differences between
v-rel and human rel (15% of the entire exon), but 14 of these
were degenerate third base changes. Exon 5 of human rel
differed at 54 nucleotides (25%) from v-rel, and 35 of these
substitutions were in the third codon position. In amino acid
sequence, this region of human c-rel showed 13 substitutions
relative to v-rel or to turkey c-ret, about half of which
appeared to be nonconservative replacements. There were

only two amino acid differences (and three nucleotide differ-
ences) between v-rel and turkey c-rel, and both of these
amino acids were also different from v-rel in the human
homolog. In the first of the two positions, turkey c-rel and
HSrel-1 contained positively charged amino acids instead of
glycine. At the second position, both c-rel sequences con-
tained negatively charged residues instead of alanine. It is
notable that a 12-amino acid sequence which contains a

possible serine phosphorylation site (Arg-Arg-Pro-Ser-Asp)
(17) is conserved in the three rel sequences.

Finally, the human c-rel sequences were chromosomally
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A I ..... ...I...I................. 120AGAATTTAGAAGCAGGGAGAtGTAArTAGAGAATATGTCATTACCTATGAAGCCACAAAGTCTAAAGTAAAGCAGTTATGGACAGATAAATAGATGATTAATGTAHT
Frame*I0 *0 *00 **

Frame 2 ***
Frame 3 *0 *0* *0**

S'''''''''' '240
TAGTGTCATTTATCTATACACTAAAACTTTTATTCTGTGAATGCTTTTCCTCAAATTCTTCCCTGC TAAGAATATTACTAAGGTAGCAACTCATTTTTTTGAAATCCT TTA

Frame I *0*

Frame 2 *0 *0
Frame 3

acceptor PstI donor
'' . . . . . .. . 4.:.T 360

TATTTAGGTGCTCCAAATACTGCA AATTAGGTTTGTCGTGTAAACAAATTGTGGAGTGTCAGAGGAGATGAAATATTTCTACTTTGTGACAAAGTTCAGAAAGTATTTAT
Frame I ? AlaProAsnThrAlaGluLeuArglIeCysArgValAsnLysAsnCysGlySerValArgGlyGlyAspGlul lePheLeuLeuCysAspLysValG1nLysA
Frme 2 *00
Frame 3

acceptor
... ' ' ' ' ' ' ' ' ''480

TTATTTCATTGAATTTAGAATAAATTTTAGTTAATAGTGCAGTTACTTTGTTTTCCCATTTTTT TTTTT TGGTTTCTTATTGACTAGTGACATAGAAGTCGTTt6TTGTTTGAACG
Frame I *00 000 000 000 000

Frame 2
Frame 3 000 000000 spAspileGIuValAr9PheValLeuAsnA

. .... ... ..... . .. .. .. '.'.'..'.'. : 600TTGGG'AAGCAAAAGGCATCTTTtCACAAGCTCTGTACACCGTCAAGTAGCCATTGTTTTCAAAACTCCACCATATTGCAAAGCTATCACAGAACCCGTAACAGTAAAAATGCAGTTGC
Frame
Frame 2
Frame 3 spTrp61 uAlaLysGyl)1ePheSerGl nAl AspVa 1H sArgGI nVa 1A1al 1eVal PheLysThrProProTyrCysLysA]la11eThrGl uProVal ThrVa ILyshetGl nLeuA

donor
. .... :. .

..... . : . . t 720
6GA'GACCTTCTGACCAGGAAGTTAGGAAwTCTATGGATTTTAGTACTGCCAGTGAAAAGGTATGACAT TTTGCTGGTAATAATTTATATAT TTCTTGAAGTGGTCCTGCTAATAAC

Frame 1 0* 000

Frame 2 000 000

Frme 3 rgArgProSerAspGlnGluValSer6GuSerNetAspPheArgTyrLeuProAspGluLys? **00* 000000

Hind III
790

ATCTTCTTGTAATATTCATrTGAGTACAGTTATGTATATTCATAATTTATGTTICTTTIICCIGGAAGCTT
Frame I 000
Frame 2
Frame 3 000

B Exon 4

human Hsrel-1 ?APNTAELRICRVNKNCGSVRGGDEIFLLCDKVQK
v- rel RAPNTAELRICRVNKNCGSVKGGDEIFLLCDKVQK

turkey c-reT RAPNTAELRICRVNKNCGSVKGGDEIFLLCDKVQK

Exon 5
0* * * 0*0** * * 0* *

human HSrel-1 DOIEVRFVLNDWEAKGIFSQADVHRQVAIVFKTPPYCKAITEPVTVKMQLRRPSDQEVSESMOFRYLPDEK?
v-rel DDIEVRFVLGNWEAKGSFSQADVHRQVAIVFRTPPFLGDITEPITVKMQLVRP3QAVSEPVDFRYLPDEED

turkey c-reT DDIEVRFVLGNWEAKGSFSQADVHRQVAIVFRTPPFLRDITEPITVKMQLRRPSDQDVSEPVDFRYLPDEED

FIG. 2. (A) Nucleotide sequence of a 790-bp portion of HSrel-1 ...... Nucleotide homology between HSrel-1 and v-rel (noted above the
two extended open reading frames); ( t I ) potential splice acceptor and splice donor sites; *, termination codon. Predicted amino acid
homologies between HSrel-1 and v-rel are underlined once, whereas differences are shown by double underlines. Relevant restriction sites
are overlined. This sequenced region is indicated by asterisks in Fig. lc. (B) Comparison of the predicted amino acid sequences of homologous
portions of HSrel-1, v-rel (29), and exons 4 and 5 of turley c-rel (33). Differences between v-rel and the two c-rel sequences are noted. ?, amino
acid position that spans a probable splice junction in HSrel-1. The underlined region denotes a potential recognition site for serine
phosphorylation by cAMP-dependent protein kinase (17). Abbreviations: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F,
phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.

mapped by a Southern transfer analysis of cellular DNAs ized with a nick-translated probe derived from pPHHSrel-1
derived from a panel of 43 rodent x human somatic-cell (Fig. 3a). For these experiments, the hybridization strin-
hybrids (22, 23). Briefly, parental and somatic-cell hybrid gency was increased to 40% formamide-1 M Na+ at 42°C;
DNAs (approximately 50-,ug samples) were digested with the final wash contained 0.08 M Na+ and 0.1% sodium
HindIII, transferred to nitrocellulose filters (28), and hybrid- dodecyl sulfate and was performed at 68°C. By this strategy,
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FIG. 3. (A) HindIII restriction digests of mouse, hamster, hu-
man, and rodent x human somatic-cell hybrid DNAs probed with
pPHHSrel-1. 70M16D is a mouse x human hybrid somatic-cell line,
and 81P2C is a Chinese hamster x human hybrid somatic-cell line.
The human band at ca. 4.5 kb is found in both of the hybrid cell line
DNAs, but not in the DNAs of the rodent parents. (B) Plot of the
frequency of discordancy between human rel sequences and each of
23 human chromosomes in panels of somatic-cell hybrids which are
segregating human chromosomes.
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the human probe recognized a 4.5-kb fragment in human
DNA, a high-molecular-weight band (.18 kb) in mouse

DNA, and two bands in hamster DNA (ca. 12 and 6 kb) (see
Fig. 3a). Thus, by HindlIl digestion ofDNA from the hybrid
panel, it was possible to determine which hybrids retained
the 4.5-kb human c-rel segment and the chromosome on

which it resided. The presence of the c-rel fragment was
100% concordant with human chromosome 2 (HSA2) and
two of its included isozymes, MDH1 and ACP1 (Fig. 3b).
Two of our panel hybrids were discordant for a third marker,
IDHI, and had the following phenotypes: hybrid
80H12C:HSA2-, MDH1- IDH+ ACP1- REL-; hybrid
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81P8C:HSA2+, MDH1+ IDH1- ACP1' REL+. One of
these, 80H12C, retained a chromosome 2 homolog which
had lost the short arm, but retained the long arm (2ql.1-
qter). The concordant loss of ACP1 and MDH1 (both of
which mapped to 2p) and REL in this hybrid, which lacked
2p but retained 2q, permitted the provisional regional assign-
ment of rel to HSA 2pl.1-pter.
Recent studies show that some human tumor cells carry

specific chromosomal rearrangements that alter the structure
and expression of cellular genes that normally reside on
chromosome 2p. For example, in one variant form of Burkitt
lymphoma, a t(2;8) translocation results in movement of part
of the Igk locus from chromosome 2 to a position .20 kb 3'
to the c-myc locus on chromosome 8 (8). Structural and
regulatory alterations in the c-myc gene are also evident in
this lymphoma, although it is not clear whether they result
from the specific translocation (31). In several human neu-
roblastoma cell lines, furthermore, a chromosome 2-derived
(13) cellular oncogene (N-myc) is amplified and rearranged to
form homogeneously staining regions or double minutes
(16). (N-myc exhibits no significant nucleic acid sequence
homology with v-rel, turkey c-rel, or the human rel se-
quences described here.) Many nonspecific rearrangements
of chromosome 2 have also been noted in other human
tumors (20). Future experiments with the newly isolated
human rel sequences to screen tumor cell DNAs and RNAs
will help to determine whether alterations in c-rel play a role
in human carcinogenesis.

This research was sponsored in part by Public Health Service
grant N01-CO-23909 from the National Cancer Institute in cooper-
ation with Litton Bionetics.

LITERATURE CITED

1. Benton, W. D., and R. W. Davis. 1977. Screening Xgt recombi-
nant clones by hybridization to single plaques in situ. Science
196:180-182.

2. Bishop, J. M., and H. Varmus. 1982. Functions and origins of
retroviral oncogenes, p. 999-1108. In R. Weiss, N. Teich, H.
Varmus, and J. Coffin (ed.), Molecular biology of the tumor
viruses: RNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

3. Charman, H. P., R. V. Gilden, and S. Oroszlan. 1979.
Reticuloendotheliosis virus: detection of immunological rela-
tionship to mammalian type C retroviruses. J. Virol.
29:1221-1225.

4. Chen, I. S. Y., T. W. Mak, J. J. O'Rear, and H. M. Temin. 1981.
Characterization of reticuloendotheliosis virus strain T DNA
and isolation of a novel variant of reticuloendotheliosis virus
strain T by molecular cloning. J. Virol. 40:800-811.

5. Chen, I. S. Y., and H. Temin. 1982. Substitution of 5' helper
virus sequences into non-rel portion of reticuloendotheliosis
virus strain T suppresses transformation of chicken spleen cells.
Cell 31:111-120.

6. Cohen, R. S., T. L. Wong, and M. M. C. Lai. 1981. Character-
ization of transformation and replication-specific sequences of
reticuloendotheliosis virus. Virology 113:672-685.

7. DeFeo-Jones, D., M. Gonda, H. Young, E. Chang, D. Lowy, E.
Scolnick, and R. Ellis. 1981. Analysis of two divergent rat
genomic clones homologous to the transformed gene of Harvey
murine sarcoma virus. Proc. Natl. Acad. Sci. USA 78:
3328-3332.

8. Erikson, J., K. Nishikuma, A. Ar-Rushdi, J. Finan, B. Emanuel,
G. Lenoir, P. Nowell, and C. Croce. 1983. Translocation of an
immunoglobulin K locus to a region 3' of an unrearranged c-myc
oncogene enhances c-myc transcription. Proc. Natl. Acad. Sci.
USA 80:7581-7585.

9. Franklin, R. B., C.-Y. Kang, K. M.-M. Wan, and H. R. Bose, Jr.

1977. Transformation of chick embryo fibroblasts by
reticuloendothelial virus. Virology 83:313-321.

10. Franklin, R. B., R. L. Maldonado, and H. R. Bose. 1974.
Isolation and characterization of reticuloendotheliosis virus
transformed bone marrow cells. Intervirology 3:342-352.

11. Hoelzer, J. D., R. B. Franklin, and H. R. Bose, Jr. 1979.
Transformation by reticuloendotheliosis virus: development of
a focus assay and isolation of a nontransforming virus. Virology
93:20-30.

12. Hunter, E., A. S. Bhown, and J. C. Bennett. 1978. Amino-
terminal amino acid sequence of the major structural
polypeptides of avian retroviruses: sequence homology between
reticuloendotheliosis virus p30 and p3Os of mammalian retrovi-
ruses. Proc. Natl. Acad. Sci. USA 75:2708-2712.

13. Kanda, N., R. Schreck, F. Alt, G. Burns, D. Baltimore, and S.
Latt. 1983. Isolation of amplified DNA sequences from IMR-32
human neuroblastoma cells: facilitation by fluorescence-
activated flow sorting of metaphase chromosomes. Proc. Natl.
Acad. Sci. USA 80:4069-4073.

14. Kang, C.-Y., and H. Temin. 1973. Lack of sequence homology
among RNAs of avian leukosis-sarcoma viruses, reticulo-
endotheliosis viruses, and chicken endogenous RNA-directed
DNA polymerase activity. J. Virol. 12:1314-1324.

15. Klein, G. 1983. Specific chromosomal translocations and the
genesis of B-cell derived tumors in mice and men. Cell
32:311-315.

16. Kohl, N. E., N. Kanda, R. Schreck, G. Bruns, S. Latt, F. Gilbert,
and F. Alt. 1983. Transposition and amplification of oncogene-
related sequences in human neuroblastomas. Cell 35:359-367.

17. Krebs, E. G., and J. A. Beavo. 1979. Phosphorylation-
dephosphorylation of enzymes. Annu. Rev. Biochem.
48:923-959.

18. Lawn, R. M., E. Fritsch, R. Parker, G. Blake, and T. Maniatis.
1978. The isolation and characterization of linked f- and 3-
globin genes from a cloned library of human DNA. Cell
15:1157-1174.

19. Maxam, A. M., and W. Gilbert. 1980. Sequencing of end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

20. Mitelman, F. 1983. Chromosome 2, p. 36-49. In H. P. Klinger
(ed.), Catalogue of chromosome aberrations in cancer. S.
Karger, Basel.

21. Mount, S. M. 1982. A catalogue of splice junction sequences.
Nucleic Acids Res. 10:459-472.

22. O'Brien, S. J., T. I. Bonner, M. Cohen, C. O'Connell, and W.
Nash. 1983. Mapping of an endogenous retroviral sequence to
human chromosome 18. Nature (London) 303:74-77.

23. O'Brien, S. J., W. Nash, J. Goodwin, D. Lowy, and E. Chang.
1983. Dispersion of the ras family of transforming genes to four
different chromosomes in man. Nature (London) 302:839-842.

24. Oskarsson, M., W. L. McClements, D. G. Blair, J. V. Maizel,
and G. F. Vande Woude. 1980. Properties of a normal mouse cell
DNA sequence (Sarc) homologous to the src sequence of
Moloney sarcoma virus. Science 207:1222-1224.

25. Padgett, F., K. L. Baxter-Gabbard, A. Raitano-Fenton, and A. S.
Levine. 1971. Avian reticuloendotheliosis virus (strain T). III.
Ultrastructural studies. Avian Dis. 15:863-873.

26. Rice, N. R., R. Hiebsch, M. A. Gonda, H. R. Bose, Jr., and R. V.
Gilden. 1982. Genome of reticuloendotheliosis virus: character-
ization by use of cloned proviral DNA. J. Virol. 42:237-252.

27. Simek, S., and N. R. Rice. 1980. Analysis of the nucleic acid
components in reticuloendotheliosis virus. J. Virol. 33:320-329.

28. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

29. Stephens, R. M., N. R. Rice, R. R. Hiebsch, H. R. Bose, and
R. V. Gilden. 1983. Nucleotide sequence of v-rel: the oncogene
of reticuloendotheliosis virus. Proc. Natl. Acad. Sci. USA
80:6229-6233.

30. Sukumar, S., V. Notario, D. Martin-Zanca, and M. Barbacid.
1983. Induction of mammary carcinomas in rats by nitroso-
methylurea involves malignant activation of H-ras-1 locus by
single point mutations. Nature (London) 306:658-661.

2830 NOTES



VOL. 5, 1985 2831

31. Taub, R., K. Kelly, J. Battey, S. Latt, G. Lenoir, U. Tantravahi,
Z. Tu, and P. Leder. 1984. A novel alteration in the structure of
an activated c-myc gene in a variant t(2;8) Burkitt lymphoma.
Cell 37:511-520.

32. Theilen, G. H., R. F. Zeigel, and M. J. Twiehaus. 1966. Biolog-
ical studies with RE virus (strain T) that induces reticulo-
endotheliosis in turkeys, chickens, and Japanese quail. J. Natl.
Cancer Inst. 37:731-743.

33. Wilhelmsen, K. C., K. Eggleton, and H. M. Temin. 1984.
Nucleic acid sequences of the oncogene v-rel in reticulo-
endotheliosis virus strain T and its cellular homolog, the proto-

oncogene c-rel. J. Virol. 52:172-182.
34. Wilhelmsen, K. C., and H. Tenin. 1984. Structure and dimor-

phism of c-rel (turkey), the cellular homolog to the oncogene of
reticuloendotheliosis virus strain T. J. Virol. 49:521-529.

35. Wong, T. C., and M. M. C. Lai. 1981. Avian retic-
uloendotheliosis virus contains a new class of oncogene of
turkey origin. Virology 111:289-293.

36. Zeigel, R. F., G. H. Theilen, and M. J. Twiehaus. 1966. Electron
microscopic observations on RE virus (strain T) that induces
reticuloendotheliosis in turkeys, chickens and Japanese quail. J.
Natl. Cancer Inst. 37:709-729.


