
ferent sis deletion mutants were inserted kilodaltons depending on whether the 7. MAD: Waterfield et al., Nature  o on don) 304,35 
into this signal peptide vector so that the 
correct reading frame was maintained 
across the junction. These constructs 
were expected to encode an env(MuLV)- 
sis(SSV) fusion protein. Two of the dele- 
tion mutants, pDD154 and pDD156, re- 
gained full biological activity. The third, 
pDD160, was still unable to induce focus 
formation (Fig. 3), a result that was not 
surprising, as pDD160 contains a signifi- 
cant deletion of the PDGF-related region. 
The observation of full biological activity 
in pDD154 and pDD156, in which the 
PDGF-related region remained intact, 
confirms our hypothesis that a functional 
signal sequence is required for transforma- 
tion by the v-sis gene product. 

Our results were obtained by molecu- 
lar manipulations of coding regions and 
subsequent correlations with biological 
activity. A more direct test of our model 
would be to examine the size and struc- 
ture of the sis-related proteins synthe- 
sized in cells infected with some of 
the nontransforming mutants described 
above. To date, such experiments have 
yielded inconclusive results because of 
the lack of a highly reactive antibody to 
the sis gene product. We believe that our 
mutations are altering processing of the 
sis gene product, rather than transcrip- 
tion or translation for the following rea- 
sons: (i) A single base change in the 
coding region of the proposed signal se- 
quence abolished transformation. This 
mutation would not be expected to affect 
transcription nor the initiation of transla- 
tion. (ii) The deletion mutant pMH18 
leaves all transcriptional signals and all 
six ATG codons of the env-sis coding 
region intact, yet is biologically non- 
transforming. (iii) RNA synthesized in 
vitro (16) from the wild-type sis gene and 
also from the nontransforming mutant 
pDD143 was successfully translated by 
means of a reticulocyte lysate system 
(17) to yield polypeptides of the antici- 
pated molecular weights (15). Thus, the 
deleted sis gene in pDD143 can be tran- 
scribed to yield translatable RNA. 

According to one model, transforma- 
tion results from the interaction between 
the PDGF-related protein and the cell 
surface receptor for PDGF. The v-sis 
gene product is predicted to be either an 
integral membrane protein or a secreted 
protein, which would facilitate interac- 
tion with the PDGF receptor. Our ex- 
periments are consistent with the hy- 
pothesis that a signal sequence is re- 
quired for transformation by v-sis. Fur- 
ther, these data indicate that the primary 
translation product of the env-sis coding 
region, in the absence of any proteolytic 
processing, would be either 33 or 30 
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(iraj). first or second ATG codon is used. This 8. K. C. Robbins et al., ibid. 305, 605 (1983). 
is in contrast to other proposals that the 9. Ts F. Deuel, J. S. Huang, S. S. Huang, P. 

Stroobant, M. D. Waterfield, Science 221, 1348 
primary translation product initiates at (1983). 
the third ATG codon and is about 28 10. D. J. Donoghue, in preparation. 

11. When inserted in the MuLV-derived expression 
kilodaltons (4-8). vector, the sis gene should be expressed from a 

Our results demonstrate a novel mech- 
anism whereby viral encoded sequences 
may activate a cellular protooncogene. 
The activation of cellular sequences en- 
coding a PDGF-related protein would 
occur as a result of viral signals which 
control transport of the viral env gene 

spliced messenger RNA very similar in structure 
to the sis-specific messenger RNA produced by 
SSV. In cells transformed by SSV, a spliced 
messenger RNA of 2.7 kilobases has been iden- 
tified [A. Eva et al., Nature (London) 295, 116 
(1982)J which presumably arises by splicing to 
the splice acceptor site of the SSAV env gene 
retained in the SSV genome. Although the 3'- 
splice acce tor site in SSV is not known, exami- 
nation of tge SSV nucleotide sequence reveals 
several potential splice acceptor sites upstream 
of the env-sis region product. ~ ~ ~ - p ~ ~ ~ ~  of cel- 12. F. L.  Graham and A; J. van der Eb, Virology 52, 

Mar sequences into the retroviral 456,(1973); P. Andersson, M. P. Goldfarb, R. A. 
Welnberg, Cell 16, 63 (1979). genome may be an important factor in 13. L. E. Henderson, T. D. Copeland, G. W. 

the activation of those sequences into a ~ ~ , h ~ l ; ; L ~ ; M a r q u a r d t ~  S. Oroszlans Virology 
02,  J 1 7  ( l 7 1 O l .  

transforming oncogene. Thus Our data 14. T. M. Shinnick, R. A. Lerner, J. G. Sutcliffe, 
Nature (London) 293, 543 (1981). suggest that of the 15, M, Hannink and D. J ,  Donoghue, data not 

location of a growth factor can result in shown. 
cellular transformation. 16. M. R. Green, T. Maniatis, D. A. Melton, Cell 

32. 681 (1981). 
MARK HANNINK 

DANIEL J. DONOGHUE* 
Department of Chemistty, B-017, 
University of California, 
San Diego, La Jolla 92093 

References and Notes 

1. G. H. Theilen, D. Gould, M. Fowler, D. L. 
Dungworth, J .  Natl. Cancerlnst. 47, 881 (1971). 

2. E. P. Gelman, F. Wong-Staal, R. A. Kramer, R. 
C. Gallo, Proc. Natl.Acad. Sci. U.S.A. 78,3373 
(1981). 

3. K. C. Robbins. S. G. Devare. S. A. Aaronson. 
ibid., p. 2918. 

4. S. G. Devare, E. P. Reddy, J .  D. Law, K. C. 
Robbins, S. A. Aaronson, ibid. 80, 731 (1983). 

5. S. F. Josephs, C. Guo, L. Ratner, F. Wong- 
Staal, Science 223, 487 (1984). 

6. R. F. Doolittle et al., ibid. 221, 275 (1983). 

- - , - - - , - . - - 
H. R. B. ~ d h a m  and R. J .  Jackson, Eur. J .  
Biochem 67, 247 (1976). 
The initial DNA sequence data suggested that v- 
sis was actually a pol-env-sis fusion gene in 
which the first two ATG codons shown in Fig. 
1C were not present [S. G. Devare et al., Proc. 
Natl. Acad. Sci. U.S.A. 79, 3179 (1982)l. Subse- 
quent corrections to the SSV sequence (4) re- 
sulted in the structure of the env-sis coding - 
region as shown in Fig. 1C. 

19. ArMaxam and W. Gilbert, ibid. 74, 560 (1977). 
20. We thank Russell Doolittle, Tony Hunter, Immo 

Scheffler, Bart Sefton, and Suresh Subramani 
for advice and criticism and Richard Bold for 
excellent technical assistance. This work was 
supported by P H s  grant CA34456 awarded by 
the National Cancer Institute, DHSS; the Chica- 
go Community TrustISearle Scholars Program 
(D.J.D.); and a Cell and Molecular Biology 
Training grant, GM07313 (M.H.). 

* To whom reprint requests should be addressed. 

14 May 1984; accepted 24 September 1984 

Constitutive Fragile Sites and Cancer 

Abstract. Breaks were observed at  51 sites in homologous chromosomes in 
lymphocytes from ten humans and two great apes when cells were deprived of 
thymidine. The incidence of breaks was enhanced by caffeine, a substance that 
inhibits DNA repair in replicating cells. The locations of 20 sites were correlated with 
breakpoints that have been related to human malignancy. 

A few specific chromosome sites tend 
to be expressed as gaps or breaks during 
routine human metaphase chromosome 
preparations (320 bands per haploid set). 
With the exception of sites 3~14 .2 ,  
6q25.3, and 16q23.2, these sites have 
appeared infrequently and at low levels 
of expression, and therefore have been 
difficult to characterize (1). Deprivation 
of folic acid and thymidine results in the 
expression of 13 of the 16 known herita- 
ble fragile sites (h-fra), and in the appear- 
ance of "spontaneous" chromosome 
breaks (2), here termed constitutive frag- 
ile sites (c-fra). By examining elongated 
chromosomes [670 to 850 bands per hap- 
loid set (3)], we have found a large family 
of c-fra located at precise points in ho- 
mologous chromosomes of human and 

primate genomes. The expression of 
these genomic weak points is enhanced 
when cells are exposed to 2.2 mM caf- 
feine during the last 6 hours of culture. 

Blood from five males and five females 
ranging in age from 10 to 65 years 
was studied. Eight of these individuals 
were normal; one was mentally retarded 
and had h-fra Xq28.1 (human 2 in 
Table 1); one had acute leukemia 
inv(16)(p13.lq22.1), and c-fra 16q22.1 
(human 3 in Table 1). We also donated 
blood after having taken 5 mg of folinic 
acid a day orally for 3 days (humans 1 
and 4 in Table 1). In addition, blood was 
also studied from one 24-year-old female 
chimpanzee (Pan troglodytes) and one 
34-year-old female gorilla (Gorilla goril- 
la). We used blood lymphocytes which 
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Table I .  Expression of constitutive fragile sites (c-fra) as chromosome breaks per 100 mitoses in blood lymphocytes of humans and apes. Culture 
conditions: A, FTD media; B, FTD media plus caffeine: C, same as B after individual received 5 mg of folinic acid a day orally for 3 days; D, FdU; 
E ,  FdU plus caffeine; F ,  FdU plus caffeine plus thymidine. Values in columns A and D were based on 1000 cells; B and E were based on 200 cells; 
C and F were based on 500 cells. 

Human Chimp Gor i l l a  

c- f ra  

c-fra/lOO cells 

1 2 3 4-10  

A B C D  E * F D E D E E t 

0.1 2.5 0 C.6 5.5(3.5) 0 0 5 0.6 12 6.6(3-!O\ 
0.1 3.5 0 0.1 ll(10) 0 0.6 11 0.3 15 b.3(4-11.53 
1.2 1 1.2 1.8 413) 0.2 1.8 7.5 0.2 4.5 5.5(2-11) 
0 3 0.2 0.5 3.513.51 0 0 9.5 0.2 4 4(1-5.5) 
0 5.5 0.8 0.5 18(14) 0.2 0.3 23 0.9 23 10.4(4-22) 

0.1 3.5 0 0.3 9(8) 0 0 10 0.4 8.5 6.2(3-10) 
0 1.5 0 0.1 514) 0 0 6 0.2 6 3.5(1.5-5.5) 
0.1 1 0 0 3(3) 0 0 3.5 0.3 5 4.4(1.5-6) 
0.2 2 0.2 0.1 4.514.5) 0 0 7 0.1 5 5.3(2-12) 
0.4 4.5 0.2 0.1 14(13) 0 0 8 0.2 11 7.9(2-20) 
0.2 3 0 0.6 9(8) 0 0.3 16 0.4 11.5 5.6(2.5-10.5) 

0 2 0.2 0.2 8.5(8) 0 0 4 0 4 4.6(2-7) 
2.9 37 0.6 9.3 45(31) 0.4 6.9 105 5 41 71.4(43-126) 
0.2 1 0 0 3.5(3.5) 0 1.2 5 0.4 5 4.1(2-6.5) 

0.1 2 0.2 0 5(4) 0 0.3 3 0.2 4 4.4(2-7) 
0.3 2.5 0.2 0.6 9(7) 0.4 0 3.5 0.3 12.5 5.1(2-8.5) 

0.4 2 0 0.8 0.4 4 5.1(2.5-8) 5(4) 0.2 0.6 4.5 

0.3 6 C.4 0.6 14(11) 0 0.6 15 1 16 11.8(2.5-26) 
0.4 ! 0 0.2 4.5(41 0 0.6 4 0.4 4 4(2-7) 
0.2 4 0 1.1 816) 0.2 1.5 10 1.3 12 10.9(3.5-21) 

0.1 3.5 0.2 0.2 4(4) 0 0 4 0.4 8 5.6(2-9) 
0.4 2.5 0 0.4 9f6) 0 0.3 13.5 0.5 12 6(3.5-9) 
0.6 1.5 0 0.5 4(4) 0 1.8 4 0.2 6 4.5(2.5-8) 
0 2 0 0.5 4.5f4.5) 0.4 0 8 0.4 9.5 7.5(4.5-12) 
0.2 7.5 0.2 1.0 26121) 0 0.9 39 2 30 17.7(6-31) 

0.4 2.5 0 0.7 11(9) 0 0.6 8 3.5 10 7.1(4-16) 
0 !.5 0.2 0.2 4(4) 0 0 5 1.3 1.5 3.9(2-5.5) 
0.2 1.5 0 0 5(5) 0 0.3 4 I. 6 4.4(.5-8) 

0 1.5 0 0.3 4(4) 0 0.9 5 0.1 2.5 3.1(1.5-4.5) 
0.1 3 0 0.4 6(5) 0 0.3 10 0.3 13 6.4(3-11) 

0.2 2.5 0.2 0.4 2(2) 0 0.6 6.5 0.6 8 4(3-6) 
0 2 0 0.1 5.5(5) 0.2 0 4 0.2 4 3.7(2-5) 
0.1 2.5 0 0.3 5(4) 0 0.3 6 0 7 4.9(2-9) 

C.l 1 0.2 0.1 4(3) 0 0 5 0.7 5.5 4.1(2.5-7) 
0.6 6.5 0.4 0.3 19(16) 0.6 0 17.5 0.5 18 8.3(3-23) 
0.2 1.5 0 0.3 lO(7) 0.2 1.2 2 0.4 9 6.8(4-11) 
0 1.5 0 0.1 4(4) 0 0 2.5 0 0 412-7) 

0.1 2 0 0.1 9 ( 7 )  0 0.3 6 0.7 8 3.8(0-8) 

0 1.5 0.2 0.4 15(14) 0 0 13 0.4 11 4.1(1-8) 
0 2 0 0.5 5(5) 0 0 2.5 0.2 2 5(2-9) 

0 2 0 0 4(3) 0 0 4.5 0 3 3.6(2-5) 
0.3 3.5 0 1.0 11(10) 0 0.9 15 0.5 10 6.3(3-9) 

0.2 2.5 0 0.E 4.5(3.5) 0.4 0.6 2 2.2 21 4.9(3-7) 
1.2 ?G 0.8 4.1 41(36) 0.6 3.6 90.5 4.1 46.5 38.6(31-54) 

0 3.5 0.s 0.3 5(4) 0 0 4 0.3 6 3.6(0.5-5) 

0.1 2 0 0.2 6(6) 0.5 0 10 0.2 8 6.3(3-9) 
0 1.5 0 0 *;" 0 0 4.5 0.2 4 4.1(1-8) 

0.1 2 0 0 4.5(4) 0 0 5 0.1 5.5 4(3-6) 

0 1 0 0.2 4(4) 0 0 5 0.1 5 4.7(2-7) 
0.3 17 0.4 2.1 48(401 1 0 29 3.1 20 26.6(15-48.5) 
0.6 4.5 0 0.2 15(13) 0 0.6 15.5 0.9 11.5 8.6(3-15.5) 
--------  - -  
13.3 242 7.4 33 4921414) 5.5 27.9 611 33 519 415.3 

Percent c-fra 70 86 49 72 82(80) 54 70 76 82 80 74 

'Numbers in parentheses represent percent o f  c-fra after correction for homozygous expression. *Numbers under humans 4-10 represent mean values and, in 
parentheses. ranges. 
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were stimulated with phytohemaggluti- 
nin M (4-day) cultured in (i) modified 
Eagle's medium (MEM) that was lacking 
folic acid and thymidine (FTD-media; 
Gibco), and supplemented with fetal bo- 
vine serum (5 percent) (2) ,  or (ii) MEM 
media supplemented with fetal bovine 
serum (10 percent). In the latter case, 
cells were exposed during the final 24 
hours to 0.1 mM fluorodeoxyuridine 
(FdU; Sigma) (4). After treatment, cells 
were exposed to Colcemid (0.05 pglml) 
for 20 minutes and 0.075M potassium 
chloride for 10 minutes, and fixed rapidly 
in a mixture of absolute methanol and 
acetic acid (3 : 1). Chromosome prepara- 
tions were made by dropping the cell 
suspension from a height of 5 feet onto 
slides and then G-banding the chromo- 
somes (3). When cells were cultured in 
MEM (in the presence of folic acid and 
thymidine), with or without caffeine, 
fewer than 1 percent of the chromo- 
somes had visible breaks. 

Fragile sites were mapped according 
to the nomenclature system for high- 
resolution human chromosomes (3). This 
system was also used for ape chromo- 
somes as the nonheterochromatic bands 
of humans appears to correspond to 
those of great apes (5). Between 21 and 
38 percent of the human lymphocytes 
showed one to three chromosome breaks 
per mitotic figure after being cultured in 
FTD media or exposed to FdU. In each 
culture, 1000 mitotic figures were ana- 
lyzed in order to identify a relatively 
large number of breaks (approximately 
450 breaks for cells exposed to FdU). 
Sites at bands 3p14.2, 16q23.2, and 
Xp22.31 were generally expressed at a 
level of 2 to 9 percent in the ten individ- 
uals tested. Breakage at the 51 sites 
accounted for 70 to 82 percent of all 
breaks scored in mitoses, the majority of 
which had 670 to 850 bands per haploid 
set (Table 1). While the same fragile sites 
were revealed by the two techniques, a 
twofold higher frequency of breaks oc- 
curred in the presence of FdU as com- 
pared to culturing in FTD medium (Table 
1) (6) .  

When FdU-treated cultured human 
lymphocytes were exposed to 2.2 mM 
caffeine (Sigma) during the last 6 hours 
of culture, we observed a tenfold en- 
hancement (at a minimum) in the expres- 
sion offragile sites relative to that seen in 
cultures treated with FdU alone. Be- 
tween l l  and 63 breaks per mitotic figure 
appeared in approximately half of the 
cells (Fig. la) while one to ten breaks per 
metaphase were observed in the other 
half. Only 1 to 5 percent of the meta- 
phases showed no chromosome breaks. 
It was possible to identify 1000 breaks 
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from each individual by studying only 
125 to 200 mitoses (Table 1). Approxi- 
mately half of all sites were expressed 
six or more times and the other half three 
to five times per 100 cells (Table 1, 
combined average of ten humans, col- 
umns E) (7). Since c-fra sites were ex- 
pressed in a homozygous state in some 
cells, the actual frequency of a given site 
per 100 cells was somewhat lower than 
that indicated above (human 1E in Table 
1). Although homozygous expression for 
each c-fra was not found when 100 
mitoses were examined (Table I), each 
c-fra was observed to express homozy- 
gously in at least one mitosis when addi- 
tional cells were analyzed in every indi- 
vidual. 

Most of the breaks observed in the 
presence of caffeine were represented in 
the 51 c-fra sites (74 to 82 percent) and 
the rest were scattered among the chro- 
mosome bands (frequently in Giemsa- 
negative bands). The distribution of 
breaks among the 51 c-fra sites was 
similar in the presence and absence of 
caffeine, indicating that the expression of 
the c-fra sites is not elicited but only 
enhanced by caffeine. In addition to in- 

creasing the expression of c-fix sites, 
caffeine also increased the expression of 
the heritable fragile site Xq28.1 in a 
patient with a known h-fra Xq28.1 (hu- 
man 2 in Table 1; showing 33 and 60 
percent expression after exposure to 
FdU or FdU and caffeine, respectively), 
and of c-fra 16q22.1 in an individual 
whose bone marrow showed acute leu- 
kemia and inv(16)(p13.lq22.1) (human 3 
in Table 1). 

Chromosome breaks were visible at 
the 51 c-fra sites when lymphocytes from 
a chimpanzee and a gorilla were treated 
with FdU and caffeine (Table 1). In addi- 
tion, three sites were revealed in the 
chimpanzee chromosomes at lp32.1 
(11.5 percent), 6p23 (10 percent), and 
14q21.3 (5 percent), which were not ex- 
pressed in human cells. The gorilla chro- 
mosomes showed a c-fra at lp32.1 (8.5 
percent) and a lower incidence of break- 
age at the 51 c-fix sites as compared to 
human chromosomes. 

As previously reported for h-fra cells 
treated with FTD and FdU in the ab- 
sence of caffeine (2), 92 to 99 percent of 
all constitutive breaks in humans and 
primates failed to be expressed when 

Fig. 1 .  (a) G-banded metaphase of a human cell treated with FdU and caffeine, showing 
approximately 50 chromosome breaks. Several c-fra expressed homozygously and c-fra that 
coincide with specific cancer chromosome breakpoints are indicated by arrows. (b) Micronuclei 
in human cells. (c) Triradii of human chromosomes. All figures were obtained from human I .  
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thymidine (5 mgiliter) was in the culture 
medium in the presence or absence of 
caffeine (human 1 F  in Table 1) (7). A 
similar suppression was observed with 
the FTD-caffeine test when humans were 
retested after receiving 5 mg of folinic 
acid (active formyl derivative of folic 
acid) a day orally for 3 days (human 1 in 
Table 1) (7). 

Cultures exposed to caffeine and ei- 
ther FdU or  FTD medium had a high 
percentage of micronuclei (1.1 to 5.3 
percent in normal humans 1, 4, 5, 6, and 
7; 5.1 percent in the chimpanzee; 2 per- 
cent in the gorilla). There were wide 
variations in the sizes of the micronuclei, 
which is in accord with their origin from 
diverse chromosome fragments (Fig. 
lb).  Triradial configurations, typically 
observed at h-fra sites (2) were also 
observed in humans at c-fra 3p14.2, 
6q25.3, 8q24.1, 16q22.1, 16q23.2, and 
Xq22.1 (Fig. lc)  and in the chimpanzee 
at c-fra 3p14.2 and 16q23.2. 

Four constitutive fragile sites map at  
the same band or  subband as  four herita- 
ble fragile sites (bands 9q32, 10q25.2, 
11q23.3, and 16q22.1) (Fig. 2). These 
sites were expressed at very low fre- 
quencies when FdU alone was used (0 to 

Fig. 2. Human chromosomal map showing 670 
Giemsa bands, 51 constitutive fragile sites 
(black asterisks), 16 heritable fragile sites (white 
asterisks), 17 protooncogenes (black circles), 
and two breakpoints for each specific chromo- 
somal rearrangement found in 26 neoplasias 
(arrows). Pertinent bands are marked on the left 
of each chromosome and protooncogenes (18) 
are marked on the right. When a protooncogene 
is mapped to a small chromosomal region rather 
than a band, a black circle crossed by a bar is 
used. When there is uncertainty as to a precise 
cancer chromosome breakpoint, an arrow is 
preceded by a bracket. The rearrangements are 
numbered as follows: 1 = del(l)(p31.2p36.3) in 
disseminated neuroblastoma; 2 = t(1;19) (q21- 
23;p13) in pre-B-cell-type acute lymphocytic 
leukemia (pre-B-ALL); 3 = del(3) (~14 .2~23)  in 
lung cancer; 4 = inv(3) (q21q27) in acute non- 
lymphocytic leukemia (ANLL); 5 = t(4;ll) 
(q21; q23.3) in ALL; 6 = del(5) (q13.3q31.1) in 
ANLL; 7 = t(6;9) (p22.2;q34.3) in ANLL; 8 = 
t(6;14) (q21;q24) in ovarian cancer; 9 = del(6) 
(q21q25.3) in non-Hodgkin's lymphoma 
(NHL); 10 = t(6;ll) (q26;q23.3) in ANLL; 
11 = del(7) (~11 .2~22)  in ANLL (19); 12 = 
del(7) (q31.2q36.3) in ANLL; 13 = t(8;21) 
(q22.1; q22.3) in ANLL; 14 = t(8;14) (q24.1; 
q32.3) in Burkitt's and related types of lympho- 
ma and leukemia; 15 = t(9;ll) (p22;q23.3) in 
ANLL; 16 = t(10;ll) (p15;q23.3) in ANLL; 
17 = t(11;14) (p13-14;q13) in T-ALL; 18 = 
t(11;14) (q13.3;q32.3) in NHL; 19 = del(l1) 
(q14.2q23.3) in NHL; 20 = t(11;22) (q24;q12) in 
Ewing sarcoma and neuroepithelioma; 21 = 
t(12;14) (q13.l;q32.3) in T-cell lymphoma; 22 = 
inv(l6) (p13.11q22.1) in ANLL; 23 = t(11;17) 
(q23.3;q25.3) in ANLL; 24 = t(14;18) (q32.3; 
q21.3) in follicular lymphomas; 25 = t(11;19) 
(q23.3;p13) in ANLL; 26 = del(20) (p12.2) in 
multiple endocrine cell carcinoma. 

0.6 percent) and at  a higher level when 
cells were treated with FdU and caffeine 
(2 to  7 percent) (Table 1). These observa- 
tions suggest that an h-fra, which is 
expressed with a frequency of less than 
0.2 percent in the general population and 
tends to  be expressed heterozygously 
(more than 20 percent in FdU-treated 
cells) (2, 4),  may represent a mutation 
of a c-fra. In addition, 7 of the 17 onco- 
genes that have been mapped to a specif- 
ic chromosome band or  region (8, 9) 
are located at o r  near c-fra bands (Fig. 
2). 

The detailed mechanism by which fo- 
lic acid deficiency or  FdU treatment 
induces the expression of fragile sites is 
not yet known. Their expression is relat- 
ed to  partial inhibition of thymidylate 
synthetase (2, 4), resulting in thymidine 
deprivation and misincorporation of ura- 
cil in place of thymine (10). Heritable 
fragile sites may occur at  DNA se- 
quences whose methyl groups bind pro- 
tein and are involved in chromosomal 
folding (11). If h-fra or c-fra remain de- 
methylated after misincorporation of 
uracil, or if uracil is excised prior to  
mitosis ( I I ) ,  the chromosome structure 
may collapse at a specific point, yielding 
gaps and breaks. 

The majority of fragile sites appear to  
be located either at the junction of 
Giemsa-negative and Giemsa-positive 
bands or  in Giemsa-negative bands close 
to the junction (Fig. 2). We have 
previously found that the bulk of the 
structural genes in humans and primates 
are localized in Giemsa-negative bands 
and that Giemsa-positive bands are en- 
riched in middle-repetitive AT (A, ade- 
nine; T ,  thymine)-rich DNA (12). It is 
possible that most fragile sites represent 
an evolutionarily conserved class of T- 
rich sequences that flanks protoonco- 
genes and is particularly sensitive to 
thymidine deprivation. The mechanism 
by which caffeine enhances the expres- 
sion of chromosomal lesions is probably 
related to its capacity to inhibit DNA 
repair in replicating cells (13). 

Strikingly, 20 of the 51 c-fra and 6 of 
the 16 h-fra map at  o r  close to break- 
points found in 26 of 31 specific structur- 
al chromosome defects known so  far in 
leukemias, lymphomas, and malignant 
solid tumors (Fig. 2) (8, 14). Of the c-fra 
that may be involved, 17 are already 
known to be located at the same height 
within a band or subband as  the break- 
points of specific chromosomal rear- 
rangements in 22 malignancies. Even if a 
minimum of 17 coinciding c-fra breaks 
and only 335 (Giemsa-negative) of 670 
total chromosome bands per haploid set 
are  preferentially involved in breakage, 

the association is found to be highly 
significant (Yates correction for X 2 ,  

P < 0.0001) (7). 
In an initial study of cells (treated 

with F d U  and caffeine) that had been 
isolated from patients with specific types 
of malignancies and chromosome de- 
fects we found: (i) an elevated expres- 
sion (14 and 14.5 percent) of c-fra 7q31.2 
in the normal blood cells of two ~ a t i e n t s  
with acute nonlymphocytic leukemia 
(ANLL), a history of heavy exposure 
to petroleum products, and deletion 
7q31.2q36.3; (ii) an elevated c-fra 
16q22.1 expression of 21 percent in the 
normal blood cells of a patient with 
ANLL and inv(16)(p13.11q22.1) (human 
3 in Table 1); and (iii) an elevated c-fra 
18q21.3 expression of 13 percent in the 
normal cells of a patient with follicular 
lymphoma and t(14;18)(q32.3;q21.3). If 
confirmed, these findings would suggest 
that some individuals may have a high 
expression of specific c-fra that predis- 
poses them to certain types of malignan- 
cies. 

At present, it is not clear if there is a 
general correlation between c-fra and 
retroviral protooncogenes that have 
been mapped to specific chromosome 
bands. Nevertheless, as  there is a good 
association between c-fra and chromo- 
somal rearrangements in cancer, it is 
possible that there may exist a larger 
class of nonretroviral protooncogenes 
that can be characterized through molec- 
ular cloning of chromosomal break- 
points, which we have accomplished for 
bcl-1 and bcl-2 (15). Our findings suggest 
that there are specific sites in the human 
and primate genome that are prone to 
chromosomal breakage and rearrange- 
ment under conditions of cellular thymi- 
dine deprivation. These sites are respon- 
sive to folinic acid intake, and to caffeine 
in vitro. If fragile sites prove to be close- 
ly linked but not functionally related to  
oncogene sites, their remarkable proxim- 
ity would enable them to be used as  
valuable markers in the search for and 
analysis of protooncogenes. In addition, 
fragile sites may be used to locate DNA 
sequences that are involved in the single 
(8) o r  multiple (16) rearrangements of 
chromosomes that occur in neoplasia. 
The presence of a large number of ho- 
mologous weakpoints in the genome may 
also provide the physical basis for so- 
matic recombination, which appears to  
be crucial in the origin of some solid 
tumors (17). 
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The Long Terminal Repeat Sequences of a Novel Human 
Endogenous Retrovirus 

Abstract. The complete nucleotide sequence of both the 5 '  and 3 '  long terminal 
repeats (LTR's)  has been determined for a human endogenous retroviral genome. 
These sequences are 593 and 590 nucleotides long and have diverged from one 
another by 8.8 percent. The LTR's resemble those offunctional mammalian type C 
retroviruses in length and in the presence and location of eukaryotic promoter 
sequences. The 5 '  LTR is followed by a presumptive primer binding site unlike that of 
any known mammalian type C retrovirus, exhibiting 17  out of 18 nucleotides 
complementary to arginine transfer R N A  rather than proline transfer R N A .  

During replication of a retrovirus, the 
viral RNA is reverse-transcribed into 
DNA and integrated into the host 
genome. Because sequences specific to  
the 5' and 3' ends of the viral RNA (U5 
and U3) are duplicated during this pro- 
cess, the integrated provirus is flanked 
by long terminal repeats (LTR's). The 
LTR's contain all the sequences neces- 
sary for transcription of the viral genome 
(1, 2). In addition to  providing promoter 
functions for viral genes, the presence of 
the LTR sequences at both the 5' and 3' 
ends of the integrated provirus may lead 
to activation of host genes adjacent to  
the viral integration site (3). 

We have isolated an endogenous retro- 
viral sequence, ERV3, from a human 
recombinant DNA library by low-strin- 
gency hybridization to probes from two 
regions of the type C baboon endoge- 
nous virus (BaEV) genome (4). The 
ERV3 sequence appears to  contain a 
full-length, integrated retroviral genome 
as revealed by DNA hybridization and 
sequencing studies. The sequence analy- 
sis of the LTR's enabled us to  determine 
whether necessary signals for promotion 
of viral or cellular genes or both are 
present in these elements and to address 
the relationship of this retroviral se- 
quence to  other mammalian retrovir- 
uses. 

Two Eco RI restriction enzyme frag- 
ments from the clone containing ERV3 
hybridized to the BaEV LTR (Fig. 1) and 
were therefore subcloned into the plas- 
mid vector pBR322 for sequence analy- 
sis (5, 6). A comparison of the sequences 

LTR gag I pol I env LTR 
R  S 8 R R R R  K R  

1 

Fig. 1. A restriction map of the human endog- 
enous retroviral locus ERV3. B is Bgl 11, K is 
Kpn I ,  R is Eco RI, and S is Sma I. Boxed 
regions contain the sequenced LTR's. Two 
Eco RI subclones, pR1 5.0 and pR1 4.8, hy- 
bridized to the BaEV LTR; kb, kilobases. 

from the two LTR-hybridizing regions 
revealed a span of 593 nucleotides that is 
91.2 percent homologous to  a second 
590-nucleotide sequence (Fig. 2). Two 
features common to proviruses further 
suggested that the ERV3 clone contains 
intact, full-length LTR elements: the 
presence of TG. . .CA termini (T, thy- 
mine; G ,  guanine; C ,  cytosine, A,  ade- 
nine) surrounding each element; and the 
presence of duplicated host sequences at 
the junction of virus and host, a result of 
retroviral integration. 

Sequencing studies of many retroviral 
LTR's have shown that these elements 
end with inverted, complementary re- 
peats of 2 to  16 nucleotides, characteris- 
tically beginning with the dinucleotide 
TG and ending with its inverted comple- 
ment CA (I). The regions of homology 
between the two ERV3 sequences were 
bounded by TG. . .CA inverted, comple- 
mentary repeats (Fig. 2). Further, the 
duplication of host sequences at the tar- 
get site of retroviral integration for the 
ERV3 provirus was the flanking four- 
nucleotide direct repeat TATA (Fig. 2). 

In addition to  these two features of 
LTR boundaries, the viral sequences 
found adjacent to  the ERV3 LTR's re- 
semble recognized retroviral features. 
The tRNA's (transfer RNA's) used as 
primers in viral replication anneal to  a 
nucleotide sequence within the viral 
RNA immediately adjacent to  U5. This 
region, the primer binding site (PBS), is 
complementary to the 16 to 19 nucleo- 
tides at the 3' terminus of a specific 
tRNA. The ERV3 proviral sequence in 
this region (adjacent to  the US region of 
the 5' LTR) was compared to all known 
tRNA sequences (7). It proved to be 
most closely related to  a mouse arginine 
tRNA (tRNAArg), sharing 17 out of 18 
complementary nucleotides (Fig. 3). Al- 
though the human equivalent of this 
tRNAArg gene has not been sequenced, it 
may well be identical because tRNA's 
have been highly conserved in evolution. 
In contrast to this match of 17 out of 18 
nucleotides with a tRNAArg, the putative 
PBS shared only 10 out of 18 nucleotides 
complementary to tRNAP'O, the tRNA 
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