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Viruses are generally considered to have 
evolved from cell nucleic acids, but many 
viruses bear no genetic relationship to the 

cells they infect. This appears to be true for 

virulent bacteriophages (1), and is assumed 
to be the case with most plant and animal 
viruses. Viruses of this type probably could 
not form a persistent association with host 
cell DNA. Some bacteriophages have the 

capacity of interacting with host cell DNA 
and possess some genetic information sim- 
ilar to sequences in host DNA (1). Recom- 
bination between the phage genome and 
host cell DNA results in the physical in- 
sertion of phage genes into the host ge- 
nome (2). In this lysogenic state (3), genes 
are expressed at low levels and duplicated 
indefinitely along with the host cell DNA. 
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Occasionally the inserted bacteriophage 
information is excised from the host 

genome (2). Fragments of adjacent host 
cell information can be excised along with 
the phage genome, and if this occurs the 

resulting phage genome contains both viral 
and cellular components (2-4). 

The cell-like components found in the 

genomes of most temperate bacterial 

phages appear to arise from an interaction 
of the established viral genome with host 
cell information. If bacteriophages did 

originate from cellular genetic informa- 

tion, the genetic elements of the phage it- 
self and those of its host have since di- 

verged to the extent that they no longer 
share most nucleotide sequences. The situ- 
ation with the RNA-containing animal tu- 
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mor viruses is different. Evidence from 
molecular hybridization experiments sug- 
gests that the RNA genomes of these vi- 
ruses have nucleotide sequences that are 
similar to sequences found in DNA of nor- 
mal cells. This indicates that RNA tumor 
viruses (5) were relatively recently gener- 
ated from host cell information. The point 
of origin of most RNA tumor viruses can 

probably be measured as having occurred 
within the last tens of millions of years (6, 
7). Biological experiments indicate that 
the viruses are still being generated from 
cells. 

Results from molecular hybridization, 
from physical analyses of RNA from 
RNA tumor viruses, and from biochemical 

analyses of infected animal cells has sug- 

gested to us that events in RNA process- 
ing determine whether a particular cellu- 

lar RNA transcript can acquire the poten- 
tial to become the genome of an RNA tu- 
mor virus or whether it will become a mes- 

senger RNA (mRNA) molecule. In this 
article we propose that the type of RNA 

processing ("paraprocessing") that leads 
to the formation of an RNA tumor virus 

genome involves relatively little RNA 

cleavage in the nucleus. We further suggest 
that paraprocessing is a form of RNA 

processing used normally for the ex- 

pression of particular genes during early 

stages of differentiation but not normally 
in mature adult cells. 

The results leading to these ideas rely in 

part on an estimation of the genetic rela- 
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tion between RNA tumor viruses and their 
uninfected host cells from measurements 
of the formation of complexes between 
RNA purified from RNA tumor viruses 
and DNA extracted from the host. The ex- 
periments discussed below have been de- 
signed to detect regions of similarity be- 
tween the viral RNA and cell DNA, in ad- 
dition to regions of identity between them. 
Therefore the conditions of hybrid forma- 
tion and detection are important. Regions 
of identity are indicated when RNA and 
DNA form a hybrid structure stabilized 
entirely by Watson-Crick hydrogen bonds 
(a "perfect" hybrid). When mammalian 
cell DNA is used, such a structure is usu- 
ally achieved when the formation of imper- 
fect RNA DNA is selected against, 
namely, at high temperature and low ionic 
strength (for example, at 65? to 700C in 0.2 
molar sodium ion), and is indicated by the 
formation of a hybrid structure with a high 
thermal stability-for example, 86.5?C in 
0.15M Na+ for a hybrid composed of 50 
percent of guanine, plus cytosine (8). 

Regions of genetic similarity between 
virus RNA and cell DNA are indicated by 
the formation of hybrid structures stabi- 
lized by Watson-Crick base pairs inter- 
spersed with other types of base pairs or 
with unpaired bases ("mismatched" or 
"imperfect" hybrids). A hybrid containing 
mismatches is less stable than a perfect hy- 
brid, and thus has a lower thermal stability 
(tm) (9). The formation of mismatched 

complexes is encouraged at low temper- 
atures and high ionic strength (for ex- 
ample, at 60?C in 0.5M Na+) and is in- 
dicated by the formation of structures with 
low thermal stability. Studies designed to 
detect both regions of similarity and iden- 
tity between RNA of tumor viruses and 
DNA of host cells therefore require hy- 
bridization conditions that are not strin- 
gent. However; when mismatched com- 
plexes are sought, one must be concerned 
with the possibility that partially com- 
plementary sequences are present because 
of chance. If such is the case with the hy- 
bridization of viral RNA to cell DNA, then 
RNA isolated from several different RNA 
tumor viruses and hybridized to DNA 
from several different species would prob- 
ably yield no sensible pattern. The fact that 
a pattern is obtained, as described below, 
is indicative of the specificity of the hybrid- 
ization reaction. 

In the discussion that follows we have 
tried to delineate-so far as is known-the 
relation between the genetic information of 
RNA tumor viruses and that of particular 
cell genes, and we suggest a specific mecha- 
nism (RNA paraprocessing) whereby a 
normal cell may give rise to an RNA tu- 
mor virus genome. 
23 MAY 1975 

Class I and Class 2 RNA Tumor Viruses 

Molecular hybridization between the 
genomic RNA of RNA tumor viruses and 
a vast excess (by weight) of DNA from 
uninfected progenitor cells provides a 
measure of that portion of the viral RNA 
for which similar sequences exist in the cell 
DNA. When this type of hybridization re- 
action is carried as close to kinetic com- 
pletion as possible, the results permit RNA 
tumor viruses to be classified into two 
groups (Table 1) (7, 10). The group we de- 
fine as class 1 consists of viruses with an 
RNA genome closely related to that of its 
progenitor cell. At least 75 percent of the 
RNA from class 1 viruses anneals to pro- 
genitor cell DNA, giving rise to a hybrid 
structure of high thermal stability (that is, 
having little mismatching). The tm's of the 
hybrid structures, as analyzed by resist- 
ance to ribonuclease, are comparable to 
the tm of 86.50C for a ribosomal RNA 
and cell DNA hybrid formed and analyzed 
under optimum conditions (8). Assay by 
the hydroxyapatite technique also in- 

dicated a high tm for hybrids of class 1 
virus RNA and cell DNA (11), but we 
know of no good reference standard to use 
as a comparison. The class 1 viruses in- 
clude RAVo chicken virus (11); strain 
RD114 cat virus (11) (Table 1); the "en- 
dogenous" guinea pig virus (12); MMTV, 
a mouse type B virus (Table 1) (10); and 
probably the baboon endogenous type C 
virus (13) and the xenotropic mouse 
viruses. 

The group we call class 2 consists of vi- 
ruses with an RNA genome that interacts 
to only a limited extent (15 to 30 percent) 
with progenitor cell DNA (Table 1). More- 
over, the thermal stability of the hybrid 
complexes, as measured by resistance to ri- 
bonuclease, is low relative to that of hybrid 
structures obtained with RNA from class 1 
viruses. This indicates that class 2 viruses 
are more distantly related to cells than are 
class I viruses. The class 2 viruses include 
[see (7, 10) or Table 1 when references are 
not given] AMV (14) and Rous chicken vi- 
ruses (15); FeLV cat virus; mouse leuke- 
mia and sarcoma-leukemia viruses, strains 

Table 1. Hybridization of RNA tumor virus RNA to DNA from uninfected natural host cells. 
Results are presented as percentages of the RNA hybridized. Thermal stability was measured at 
0.15M Na+ at 103 Cot. The conditions of hybrid formation and detection are outlined in the legend 
of Fig. 1. Hybridization of RNA to repeated sequences in cell DNA was detected by annealing low 
amounts of DNA (50 ug) to 0.5 ng of viral RNA and terminating the reaction at a Cot of 103. Under 
this condition, no annealing to infrequent DNA sequences was detected (10). Hybridization of 
RNA to I plus R sequences of DNA was detected by annealing large amounts of DNA (500, 1000, 
or 2000 ag) to 0.5 ng of viral RNA and terminating the reaction at a Cot of 25 x 103. In the high Cot 
hybridizations the amount of hybridization was the same with all three amounts of DNA tested; 
only the values with 1000 ag are presented. 

Hybridization results 

Source of virus RNA Source of (percent RNA hybridized) 
cell DNA* tm 25 x 103 

t (C) C,t 
Class I viruses 

Mouse mammary tumor Mouse 45 83 100 
virus, strain DW 

Cat virus, strain RD 114 Cat 40 86 > 70t 
Cat 45t > 70t 

Chicken virus, strain RAVy Chicken -30t >70t 

Class 2 viruses 
Mouse leukemia virus, Mouse 19 78 20 

strain Rauscher 
Mouse sarcoma virus, Mouse 12 80 17 

strain Moloney 
Mouse-rat sarcoma virus, Mouse 3 73 5 

strain Kirsten Rat 19 78 20 
Cat sarcoma virus, Cat 17 80 18 

strain Gardner 
Cat leukemia virus, Cat 18 79 16 

strain Rickard 
Chicken leukemia virus, Chicken 10t 40 

strain AMV 
Chicken sarcoma virus, Chicken 10t 30 

strain Rous 
Simian sarcoma virus Woolly monkey 0-10 0-10 

*DNA was prepared from spleen, liver, skeletal muscle, and thymus of mice, rats, and cats; embryos of chickens; 
and liver of woolly monkeys. No significant differences were found (the variation was 5 to 10 percent of the value 
listed) when DNA from different tissues was used. No differences were seen when DNA was isolated from livers 
or spleens of different strains of mice (C57, BALB/c, NIH Swiss) or different domesticated cats. t Values 
from (23, 26, 27). 

803 



Rauscher and Moloney; a sarcoma-leuke- 
mia virus of both mouse and rat history, 
strain Kirsten; and a sarcoma-leukemia 
virus isolated from a woolly monkey; the 
simian sarcoma virus; and probably a leu- 
kemia virus isolated from a gibbon ape, the 
gibbon ape leukemia virus. 

Information concerning the number of 
copies of viral-related sequences in a cell 
can also be obtained. The DNA of animals 
contains two types of sequences, namely, 
"unique" and "repeated" sequences. 
Unique sequences are represented only 
once in a haploid genome, whereas re- 
peated sequences are found two or more 
times (16). Repeated sequences can in turn 
be divided into those present as several 
identical copies or those present as a fam- 
ily of similar sequences. In practice, the ex- 
act number of copies of a gene is difficult 
to measure; accordingly we use the term 
"infrequent" sequences, rather than the 
term "unique" sequences. Whether those 
sequences in cell DNA that hybridize to vi- 
ral RNA are repeated or are infrequent 
can be assessed by measuring the rate of 

hybridization of viral RNA to an excess of 
cell DNA (Fig. 1) and expressing the re- 
sults as a function of time multiplied by the 
initial DNA concentration, that is, the Cot 
(16). The portion of the curve that rises 
first (at lowCot) displays hybridization of 
the RNA to repeated DNA sequences; the 
portion of the curve that rises last (at high 
Cot) displays hybridization to infrequent 
DNA sequences. The magnitude of the rise 
indicates that fraction of the RNA com- 
plementary or partially complementary to 
a given type of DNA sequence. 

Hybridization of RNA from class 1 vi- 
ruses to DNA from uninfected progenitor 
cells results in a bimodal kinetic curve 
(Fig. 1). Approximately 40 percent of the 
RNA anneals to repeated DNA sequences 
of the cell (Cot < 103), while the remainder 
of the hybridized RNA (60 percent with 
RNA from MMTV, 30 to 50 percent in the 
case of RNA from RD114) anneals to in- 

frequent DNA sequences (Cot > 103). A 
similar result has been obtained by hybrid- 
izing RNA from a class 1 guinea pig virus 
to DNA from normal guinea pigs (12). 
One class 1 virus is difficult to assess. The 
endogenous chicken virus RAVo contains 
RNA of which some 30 percent anneals to 
DNA at Cot below 500, but two distinct 
slopes have not been demonstrated (11). 

RNA from RLV was selected to illus- 
trate the hybridization behavior of class 2 
virus RNA. Hybridization of RNA from 
this virus to DNA from uninfected pro- 
genitor cells results in a unimodal kinetic 
curve wherein all of the annealing occurs 
with the repeated DNA fraction (Fig. 1). 
This pattern was seen with RNA of all 
class 2 mammalian RNA tumor viruses; 
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Fig. 1. Kinetics of hybridization of RNA from 
class 1 and class 2 viruses to DNA from cells. 
[3H]RNA (0.5 ng; 200 count/min) and DNA 
(1.0 mg) were mixed in replicate in 0.25 ml of 
0.4M phosphate buffer and sealed in capillary 
tubes; the reaction mixtures were then boiled 
and held at 600C. At intervals samples were re- 
moved, diluted in 0.3M NaCl plus 0.03M so- 
dium citrate, and incubated with ribonuclease A 
(20 ,g/ml) for 2.hours at 37?C, and precipitated 
with 10 percent trichloroacetic acid. MMTVDW 
is the Dmochowski-Williams strain of mouse 
mammary tumor virus; RLVR is the strain 
Rauscher mouse leukemia virus. [Adapted from 
(10)] 

however RNA from the class 2 chicken 
virus RSV anneals primarily to infrequent 
sequences in chicken DNA (15). The ap- 
parent difference between RNA of the 
class 2 chicken virus and that of the class 2 
mammalian viruses may be due to the dif- 
ferent conditions for hybrid formation. 
RNA from RSV was annealed to chicken 
cell DNA at 670C, a condition that may 
prevent cross-hybridization among related 
molecules of a repeated DNA family. The 

temperature of hybridization of RNA 
from class 2 mammalian RNA viruses to 
host DNA (600C) is that known to permit 
this cross-hybridization. 

The validity of these hybridization ex- 

periments can be challenged on the 

grounds that the viral RNA is heavily con- 
taminated by trapped cellular (nonviral) 
RNA. Ikawa et al. detected one globin 
mRNA molecule per thousand virus ge- 
nomes in viruses recovered from hemoglo- 
bin-producing cells (17). In the case of 
RNA from the class 1 viruses virtually all 
of the RNA can be converted to a hybrid 
structure with DNA from normal cells. In 
our opinion, contamination to this extent 

by cell RNA is not probable when viral 
RNA is isolated as a 50S to 70S aggregate 
from an extracellular particle. The RNA 

preparations used here from MMTV and 
RD114 were shown by East et al. (18) to be 
converted upon heat treatment to "sub- 

units" of discrete size, and these subunits 
contain polyadenylate [poly(A)], as judged 
by their ability to bind immobilized poly- 
uridylate [poly(U)]. In the case of RNA 
from class 2 viruses, no sequences exactly 
complementary to DNA from normal cells 
is found, and most of the RNA hybridizes 
only to DNA isolated from cells producing 
the virus, not to DNA from normal cells 
(for example, Fig. 1). The fraction that 
does form a complex with DNA from nor- 
mal cells does not behave like a con- 
taminating species of cytoplasmic RNA in 
that it anneals only to repeated DNA se- 
quences and forms a complex of low ther- 
mal stability. 

In general, it appears that class 1 viruses 
are closely related to their hosts, while 
class 2 viruses are not. The case for the cel- 
lular origin of class 1 viruses is strong, es- 
pecially when it is remembered that five of 
the six were induced or obtained from ap- 
parently normal cells [RD114 or its Cran- 
dell virus equivalent (19), the guinea pig 
virus (12), RAVo (20), the baboon endog- 
enous virus (13), and the xenotropic mouse 
virus]. The sixth, MMTV, can apparently 
be vertically transmitted, from parent 
to progeny (21). Molecular hybridiza- 
tion results are incomplete with the ba- 
boon and xenotropic mouse viruses. The 
case for the cellular origin of the class 2 vi- 
ruses can be made only indirectly. We have 

hybridized DNA copies of RNA of differ- 
ent class 2 leukemia viruses (synthesized in 

disrupted virions by reverse transcriptase) 
to 60S to 70S RNA from several RNA 
leukemia viruses (6). The DNA copies al- 

ways annealed best to 60S to 70S RNA 
isolated from the same virus and less to 
RNA from other viruses. When the data 
were assembled from selected leukemia or 
sarcoma-leukemia viruses from birds, cats, 
mice, and primates, the genetic relation- 
ship indicated in Table 2 was found. The 
mammalian class 2 RNA leukemia viruses 
are related to one another, and the related- 
ness pattern is the same as the relatedness 
pattern of their normal hosts, measured 
phylogenetically with anatomical or mo- 
lecular markers. The phylogenetic related- 
ness pattern was not detected with sar- 
coma or mammary adenocarcinoma vi- 
ruses (6). The relatedness among mamma- 
lian RNA leukemia viruses can also be 
seen when certain proteins from different 
viruses are compared immunologically; for 

example, the relatedness pattern also de- 
scribes the relatedness among the virus 
reverse transcriptases (22) isolated from 
the virus cores. This relatedness pattern 
suggests that the class 2 viruses, like the 
class 1 viruses, originated from their hosts 
and evolved away to some extent, or that 

they originated elsewhere and become cell- 
like through interactions with cell genomes 
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(6). Since we feel that class 1 viruses do 
originate from host information and since 
there is a marked similarity between the 
structure of class 1 and class 2 viruses, the 
structure of their RNA, and the structure 
of their proteins, we accept the cellular ori- 
gin of both classes of virus as a working 
model (23). 

The cell DNA sequences capable of 
originating RNA tumor virus information 
have previously been called "virogenes" 
(24). However, we believe that these genes 
have required functions during normal cel- 
lular development and that their ability to 
create class 1 RNA tumor viruses is in- 
cidental; hence, the term virogene is too re- 
strictive and in our context not precise. In 
this article we use the neutral term "class 1 
genes" to describe these host cell DNA se- 
quences. 

Paraprocessing of Class 1 Virus Genomes 

The expression of genes that code for 

proteins requires the synthesis of an RNA 
transcript, the "processing" of that tran- 
script [phosphodiester bond cleavage and 
poly(adenylation)], the transport of it from 
the nucleus to the cytoplasm, and the utili- 
zation of the RNA (mRNA) as a template 
for protein synthesis (25). We propose that 
an RNA tumor virus genome is created 
when an uninfected progenitor cell uses an 
alternative mechanism to process an RNA 
transcript copied from a class 1 gene. The 
alternative RNA processing mechanism is 
called here "paraprocessing." That cell 
and its descendants can maintain the pres- 
ence of the paraprocessed RNA by contin- 
ued expression of the class 1 gene, but au- 
toreplication of the RNA requires other 
activities, among them those of the reverse 
transcriptase machinery. The evidence dis- 
cussed below is used to explain the origin 
of the initial molecule of class 1 virus 
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fined by their behavior in 
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the same virus molecule ma 
identical. Infrequent RNA 
bridize to infrequent seque 
may occur only once per gen 

RNA, but it applies as v 
tion of RNA of establi 
class 2 viruses in infected 

The basis for our prop( 
mor virus genomes are R 

escaped the usual mode 

ing comes from an evaluo 
cal properties of RNA wi 
lar weight and its compc 
from extracellular partic 
class 2 RNA tumor 

Though the high-molecu 
from these particles is 
toplasmic, in many respe 
resembles RNA isolated 
of normal cells rather th 
from their cytoplasm. ( 

tumor virus RNA velocity studies show that the polynu- 
R 13 cleotide chains of high-molecular-weight 

t--\--j 3 RNA (30S to 40S) from tumor viruses are 

(A)25s ( larger than the average size of mRNA 
(A)25 (A)200 

from the cytoplasm of differentiated cells 
and more nearly the size of RNA from cell 

p ___nuclei (26). In one study, 35S RNA could 
' be detected in the cytoplasm of cells in- 
()150 fected by and producing an RNA tumor 

virus while RNA approaching this size 
hnneal to re could not be found in the cytoplasm of I DNA 

i anneal to infre- control cells (27). Some workers (28) ob- 
DNA (1 I 12 \ 1\) serve that nuclear RNA from normal cells 
adenosine or poly- is heterogeneous in size and can be of ex- 
i0, or 200 adeno- tremely high molecular weight (> 70S), 

but others indicate an aggregate structure 
nt of nucleotide se- composed of several 30S to 40S polynucle- 
of RNA tumor vi- otide chains (29). (ii) An aggregate struc- 
icts of polyadenylic ture for cell nuclear RNA if valid would 
A), tracts of oligo- constitute another similarity between this in length; RNA se- 
repeated sequences RNA and virus RNA of high molecular 
d by R and are de- weight. 
hybridization reac- In any event, the association of several 
rent R sequences inpolynucleotide chains in the tumor virus 
ty, but need not, be 

sequences (1) hy- genome differs from the suspected single 
:nces in DNA and polynucleotide configuration of cell mRNA. 
lome. (iii) Tumor virus RNA contains poly(A) 

tracts approximately 200 residues in 

length (30), a length comparable to that 
vell to the forma- of poly(A) regions of nuclear RNA (31) 
shed class 1 and but longer than that of poly(A) segments 
cells. in cytoplasmic mRNA (32). Cellular 
Dsal that RNA tu- mRNA undergoes a shortening of poly(A) 
NA's which have tracts during its formation from nuclear 
of RNA process- transcripts (33), an event that may not be 
ation of the physi- part of the processing of tumor virus RNA. 
ith a high molecu- (iv) As stated above, much of the RNA of 
onents as isolated class 1 and class 2 tumor viruses is poten- 
cles of class 1 or tially coded by (hybridizes to) repeated se- 
viruses (Fig. 2). quences in DNA of normal or virus in- 
ilar-weight RNA fected cells, respectively (Fig. 1 and Table 
at one time cy- 1). This, too, is not a feature of poly(A)- 

:cts it structurally containing cytoplasmic cell RNA, but ap- 
from the nucleus pears to be a characteristic of nuclear 
an RNA isolated RNA. 
i) Sedimentation We believe that the hybridization of 

Table 2. Genetic relatedness among class 2 RNA tumor viruses. High-molecular-weight RNA was isolated from isopycnically purified RNA 
tumor viruses and covalently attached to phosphocellulose filter disks (61). This immobilized RNA was hybridized to DNA synthesized by 
the same set of viruses. Values (percentage of DNA hybridized) are normalized to the homologous cross (50 to 100 percent hybridization). 
Several preparations of RNA and DNA were used. Hybrids were also analyzed by cesium chloride centrifugation and nuclease digestion (6, 7, 
57). Virus abbreviations are explained in (5). 

Source of DNA copies of viral RNA 
Cell type that served as Virus source MuLV 

source for virus of RNA SSV KiMSV r FeV AMV (Gross RLV FeLV AMV 
(NC37) (NRK) type) 

Woolly monkey fibrosarcoma (grown in rat or SSV (NRK) or 90 82* 10 8 2 to 5 0 
human cells) (NC37) 100 

Rat sarcoma (grown in rat cells) KiMSV (NRK) 85 100 100 10 10 0 
Mouse plasma (grown in mouse cells) MuLV 

(Gross type) 6 to 10 47 100 10 14 0 
Mouse plasma (grown in mouse cells) RLV 8 14 8 100 10 0 
Mouse mammary tumor (produced by tumor cell) MMTVt 0 0 0 0 0 0 
Cat plasma (grown in cat cells) FeLV 1 to 3 4 6 6 100 0 
Chicken plasma (grown in chicken cells) AMV 0 0 0 0 0 100 
*To RNA from SSV (NRK). tThis RNA hybridized with 100 percent of DNA synthesized by MMTV; the DNA synthesized by MMTV did not hybridize to any other 
RNA preparation. 
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some 50 percent of the RNA of class 1 vi- 
ruses to repeated DNA sequences in cells 
yields information on the nucleotide se- 
quence arrangement in the virus RNA 
(Fig. 2). As stated above the repeated 
DNA fraction can be divided into "fam- 
ilies" of sequences whose members bear 
more similarity to each other than to other 
families (16). It has been proposed that 
DNA families arise during speciation from 
the multiplication of a single-copy se- 
quence or of a particular member of an 
existing family (34). In flies, cows, mice, 
and humans, repeated DNA sequences 
range from 200 to several thousand nucle- 
otides and are usually located next to an 
infrequent sequence roughly 750 to 1000 
nucleotides in length (35). Repeated se- 
quences seem to be most prevalent in 
higher metazoans. It is assumed that some 
or all of the infrequent (single-copy) se- 
quences code for proteins while many re- 

peated families of sequences serve an un- 
known, possibly regulatory, function. Fi- 
nally, infrequent sequences may terminate 
in a run of thymidine (T) residues 25 nucle- 
otides in length (36). By analogy, the struc- 
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In the usual processing mode in committed cells a large RIT 
gene or from another genetic element. After synthesis, p 
Much of the 5' end of the cleaved molecules (R element 
polyadenylic acid. The order of these events is not specifiec 
primary cleavage products are destroyed completely. The , 
are transported from the nucleus to the cytoplasm, the po 
able or can be made available for protein synthesis. In 
is synthesized from a class 1 gene. The transcript may u 
surviving RNA molecule is still large and contains bot 
cleaved RNA is then transported from the nucleus and, ir 
the cytoplasm. Among RNA transcripts synthesized at a 
gene, some may be processed by the usual mechanism u 
processing. 
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Fig. 2 may describe the sequence ar- follows that RNA tumor virus RNA will 
nent of elements contained in poly- contain internal (A)25 tracts. The presence 
tides of class 1 tumor viruses. These in cell nuclear RNA of internal (A)25 runs 
40S molecules contain four types of and alternating sequences coded by R and 
tide sequences: (i) those which hy- I DNA sequences is implicit in this model 

to repeated DNA (R sequences); and has been well described (38). 
)se which hybridize to infrequent or A reasonable explanation for the obser- 

copy DNA (I sequences); (iii) a ter- vations referred to above is that the tumor 

(A)200 sequence [poly(A)] (30, 37); virus RNA fails to undergo the type of 
') internal (A)25 sequences. By anal- RNA processing that, in a differentiated 
ith the arrangement of R and I se- cell, cleaves portions of nuclear RNA. In- 
:s in genomic cell DNA, we propose stead, the RNA transcript is processed in 
.e R and I sequences of RNA tumor another mode, the paraprocessing mode. 

alternate. It is important to note We envision paraprocessing as an alterna- 
le proposed R and I elements in tu- tive mode of RNA processing usually re- 
irus RNA are defined by their hy- served for the expression of particular 
ition properties to cell DNA. Thus, genes in undifferentiated cells. In spite of 
R sequences hybridize to a family of the RNA processing alteration in the dif- 
I sequences in host DNA, the three ferentiated cell, the paraprocessed RNA 
R elements of a given virus RNA is transported from the nucleus to the cy- 

ule can be different from each other. toplasm. The initial trigger ("H" change) 
at least some of the I DNA se- leading to the formation of a para- 
:s of metazoans codes for mRNA, processed RNA transcript of a class 1 gene 
nce the structure of Fig. 2 contains is not necessarily a change inducing new 
1 I elements, this representation of transcription of class 1 genes. This hypoth- 
NA is probably polycistronic. If esis appears to be supported since some 
aral genes terminate in (T)25 tracts, it normal adult cells contain in their cy- 

toplasm RNA that resembles in nucleotide 

sequence at least a portion of class 1 RNA 
Usual RNA processing tumor virus genomes (39). 

made in committed cell A model for the creation of an RNA tu- 

R1 11 R2 12 R3 13 mor virus genome by paraprocessing is 

presented in Fig. 3 and is compared to the 

I?' |?1 usual RNA processing from a comparable 
class 1 gene in a differentiated cell. The 

I j I |l l I class 1 gene can be divided into two com- 
ponents, one that is repeated several times 

~s-> -}~ 4 t -:~ in the cell genome (Ri, R2, ... Rn; where 
F-|+-I I| |{+-A R1 may or may not be identical to R2) and 

es-* one that is infrequently represented (I,, 12, 
i^ 1 4, 4... I,; where II 5 12 s In) (Fig. 2). The 

ed) Nucleotides initial virogene transcript is polycistronic 
and contains RNA sequences that are 
equivalent to both R and I virogene ele- 
ments. During the usual type of RNA 
processing, many or all R sequences are 

--- cleaved from the RNA (Fig. 3). At some 

mRNA point the transcripts acquire a terminal 
poly(A) sequence-that is, before or after 

;leading to virogenesis: alternative meth- cleavage. Some of the RNA molecules 
The modes of gene expression shown are destroyed completely. The surviv- 
of RNA synthesis. They are also compat- m stroed ompe he survlv 
.nome are transcribed at a particular timeing RNA is transported from the nucleus. 
, some partially, and some almost not at After transport, the poly(A) segment is 
)y two parallel lines, and the nuclear-cy- shortened by some 20 to 50 nucleotides 
e contains both R and I elements as de- becomes progressively shorter with then becomes progressively shorter with 
)f the class 1 gene differ from one another. 
4A transcript is synthesized from a class 1 tme, as suggested by Sheiess and Darnell 

)rimary endonucleolytic cleavages occur. (33). 
) is destroyed, and the 3' end consists of If the cell genome or particular regu- 
1, but they occur in the cell nucleus. Some latory elements become altered in a partic- 
surviving polyadenylated RNA molecules 
survy(A) is shortyadenyled, and the RNA mois aval-ecules ular fashion ("H" change), this series of ly(A) is shortened, and the RNA is avail- 

modified so that paraprocessed 
paraprocessing, a large RNA transcript events is modified so that paraprocessed 
indergo some nucleolytic attack, but the RNA accumulates. The alteration pro- 
:h R and I elements. This incompletely duced by an "H" change prevents an early 
i the example shown, is polyadenylated in 

cleavage step in trimming the RNA tran- 
particular time from a particular class 1 

ised by committed cells, others by para- script and thereby precludes some sub- 
sequent processing events. The alteration 
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does not prevent transport of the RNA 
from the nucleus to the cytoplasm. In 
the scheme of Fig. 3, the RNA acquires 
poly(A) in the cytoplasm and the poly(A) 
tract is not shortened as it is in the case of 
cellular mRNA. 

Though the paraprocessing model for 
the genesis of RNA tumor viruses derives 
from knowledge of the physical structure 
of RNA tumor virus RNA, some aspects 
are supported by other data as well. In 
mouse hepatomas, RNA sequences com- 
plementary to repeated DNA sequences 
and normally restricted to the nucleus are 
released to the cytoplasm in an uncon- 
trolled manner (40). This phenomenon can 
be duplicated with isolated nuclei and an 
adenosine triphosphate (ATP)-requiring 
RNA transport system. It also appears 
that RNA transport from isolated nuclei in 
a system requiring cytoplasm factors dif- 
fers in nuclei derived from normal and tu- 
mor cells (41). Finally, the content of virus- 
specific RNA in the nucleus of mouse cells 
transformed by murine sarcoma virus is 
extraordinarily high (1 to 5 percent) (42). 
All these observations indicate a difference 
in RNA processing or transport (or both) 
between tumor cells and comparable nor- 
mal cells and are consistent with a differ- 
ence in an early cleavage step of RNA 
processing. 

One result of the "H" change is the cy- 
toplasmic accumulation of high-molecu- 
lar-weight polycistronic RNA. The "H" 
change itself could take place in a "hot 
spot" element (43). The "hot spot" ele- 
ment is a readily mutable or frequently re- 
combining genomic DNA site that, when 
altered, can affect the regulation of ex- 
pression of viral genes or the action of viral 
gene products. The "hot spot" might be a 
site that controls RNA processing, al- 
though the original "hot spot" model does 
not restrict itself to gene control at this 
level. The "H" change in the RNA model 
can be a genetic alteration that directly 
changes the processing signals in the class 
1 gene transcript or one that modifies the 
processing machinery. Alternatively, it 
might be an environmental or physiologi- 
cal (that is, hormonal) change that indi- 
rectly affects class 1 gene expression. Any 
metabolic disturbance that leads to para- 
processing of class 1 gene transcripts gen- 
erates the potential of creating an RNA 
tumor virus genome. 

In the example diagrammed in Fig. 3, 
the first accumulation of paraprocessed 
RNA is nuclear. The incompletely cleaved 
RNA is transported from the nucleus and 
then acquires poly(A) sequences. In the 
case of sea urchin embryos at the two- to 
four-cell stage 25S to 50S RNA con- 
taining long poly(A) stretches has been 
detected in the cytoplasm (44). Here 
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the evidence indicated a cytoplasmic 
polyadenylation of high-molecular-weight 
maternal mRNA. Considering the pro- 
posed relation between embryogenesis and 
virogenesis (24, 45), we suggest that the 
creation of an RNA tumor virus genome 
may involve transport of particular RNA 
types from the nucleus of committed cells 
prior to their cleavage and full polyadenyl- 
ation. 

In the formation of paraprocessed RNA, 
it is not necessary that the processing alter- 
ation be an all-or-none event. The "H" 
change of Fig. 3 can reduce the probability 
that a given RNA transcript will be pro- 
cessed by the usual mechanism, rather 
than alter the processing of every class 1 
gene transcript in that cell. Subsequent 
"H" changes can reduce the probability 
even further, as is discussed below. For ex- 
ample, if signals for RNA processing are 
particular nucleotide sequences in the 
RNA to be processed and if these se- 
quences evolve so that RNA of different 
animals contain different signals, then an 
RNA tumor virus genome (a replicating 
paraprocessed RNA) introduced into a 
heterologous cell can recombine with host 
DNA and alter its class 1 genes. This may 
modify the RNA processing signals of 
those genes. This in turn may result in the 
establishment of a recombinant class 1 
gene having a very low probability of usual 
expression, and hence a very high probabil- 
ity of paraprocessed RNA accumulation. 
This mechanism might explain why "xeno- 
tropic" viruses replicate poorly in cells of 
the species that generated them, but often 
grow well in cells from some other ani- 
mals. 

A recombination event between the ge- 
nome of an infecting class I or 2 virus and 
that of the recipient cell provides one 
mechanism for the apparent rapid genetic 
change in RNA tumor viruses relative to 
change in classical cell genes (46). Prelimi- 
nary evidence indicates that the infecting 
virus (class 1 or class 2) recombines specif- 
ically with genes in the recipient cell that 
are identical or related to class 1 viral 
genes (47). The genetic information ac- 
quired by simian or murine class 2 viruses 
from rat or primate cells or animals ap- 
pears to be recombinant over short stretch- 
es (48), an argument against the simple 
"turning on" of endogenous (class 1) virus 
genes by the infecting virus. In the context 
of the RNA processing theory, this geno- 
typic mixing can be obtained if, among 
the recombination events that took place 
during virus infection, there were some 
events affecting the processing of tran- 
scripts of a class 1 gene. It should be noted 
that, while the phenomenon of rapid ge- 
netic change of RNA tumor viruses is 
being increasingly observed (46, 49), there 

is evidence indicating that proteins coded 
by the virus genome do not evolve unusu- 
ally rapidly (22). This dichotomy implies 
that the amino acid sequence of RNA tu- 
mor virus proteins is actively conserved, as 
is the amino acid sequence of most cell 
proteins, but that nevertheless the nucle- 
otide sequence of the RNA tumor virus 
genome undergoes considerable variabil- 
ity. Unusually rapid nucleotide sequence 
variation in RNA tumor virus genomes 
during their formation from presumed cell 
progenitor genes is implicit in the proto- 
virus (45), and hot spot (43) theories, and 
in these hypotheses the variation is linked 
to the evolution of a tumorigenic virus 
from precursor nontumorigenic agents. 

As in other models (24, 43, 45, 50), the 
fate of a given paraprocessed RNA cannot 
be specified. It may remain intracellular 
and carry out no activities, other than a 
passive one, as a template of protein syn- 
thesis. The 35S (paraprocessed) form of tu- 
mor virus RNA does become associated 
with polyribosome-like structures in cells 
(51). Alternatively, it may become an in- 
tracellular self-replicating unit if the cell 
also contains reverse transcriptase. By all 
accounts, intracellular reverse transcrip- 
tase is a particulate cytoplasmic enzyme 
(52), and it appears that RNA of class 2 vi- 
ruses codes for this protein (53). When 
paraprocessed RNA has this coding capac- 
ity, one of the proteins produced on a para- 
processed mRNA template could be the 
reverse transcriptase. Indeed, this mecha- 
nism is implicit in Temin's protovirus 
model (45). However, even if the para- 
processed RNA does not code for a repli- 
cating enzyme it need not be innocuous. Its 
fate and its effect on the cell may depend as 
well on other proteins coded by the class 1 
genes, on the effect of cytoplasmic para- 
processed RNA on metabolic activities of 
differentiated cells, or on the regulation of 
translation of the paraprocessed RNA. 
When the coded proteins include those 
necessary for particle assembly but do not 
include reverse transcriptase, the cell may 
produce biologically inactive virus parti- 
cles (for example, as from a so-called S+ 
L cell) (54). When the proteins also in- 
clude reverse transcriptase, the progenitor 
cell can produce replicating, infectious 
particles. When the proteins include those 
that adversely affect cell maturation, cell 
transformation may result. 

The ability of a normal cell to produce 
replicating, infectious class 1 (or with suf- 
ficient genetic modification, class 2) viruses 
raises the possibility of transferral of virus 
genetic information from the normal gene 
pool of one animal species to that of an- 
other. This genetic transfer would be evi- 
denced by a close genetic relation between 
the virus genome and genes in two dis- 
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tantly related animal species. The genome 
of the endogenous baboon virus and genes 
in normal baboons and cats are closely re- 
lated (55), and also the viruslike nucleotide 
sequences in normal human white blood 
cells are related to those of Rauscher 
mouse leukemia virus (47). It will be im- 
portant to establish whether the inter- 
species transfer of class I viral genes is un- 
usually frequent and, if so, whether the 
transferred genes are utilized during em- 
bryogenesis to the advantage of the 
recipient animal. In this context, the inter- 
species transfer of class 2 viral genes would 
probably be deleterious to the recipient an- 
imal, leading, for example, to tumor for- 
mation (56). 

Class 1 Genes of Normal Cells 

Class 1 genes are defined as those nucle- 
otide sequences in the DNA of normal 
cells that hybridize to RNA of class I vi- 
ruses. Class 1 genes need not be identical in 
nucleotide sequence to RNA isolated from 
an established virus since the virus may un- 
dergo change. There may exist genes in 
normal cells which correspond to a portion 
of class 2 virus RNA, but this is difficult to 
assess, presumably because of virus-cell di- 
vergence. 

Two structural properties of class I 
genes are shown by the information 
presented above. (i) The class 1 genes cor- 
respond to a large part of the information 
of established class 1 virus genomes. (ii) 
Class 1 genes are divided almost equally 
into R and I DNA sequences, whereas 
most genes that code for mRNA are I 
DNA sequences. (iii) The hybridization of 
RNA from established class 1 viruses to R 
sequences in DNA from normal cells is 

species-specific (Table 3) (10). In the most 
striking case, RNA from MMTV hybrid- 
ized to R sequences in DNA from mice but 
not to sequences from rats and other mam- 
mals (10). In other cases, RNA from 
RD114 annealed only to R sequences in 
DNA from cats and not to those from 
other mammals; and RNA from RAVo 
hybridized to R sequences in DNA from 
chickens but not to those from quails (10, 
11). Hybrids formed at low temperature 
between class 1 virus RNA and R se- 
quences in DNA from normal progenitor 
cells have the same high thermal stability 
as hybrids formed at considerably higher 
temperatures (Fig. 4). This behavior is not 
typical of hybrids formed between mam- 
malian cell RNA and R sequences in 
homologous cell DNA, for with cell RNA 
the thermal stability of the RNA-DNA hy- 
brid is directly related to the temperature 
of hybrid formation (8). RNA from these 
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Table 3. Hybridizatic 
viruses to repeated sec 
ferent animals. Hybri 
between 0.5 ng of vira 
DNA. Reactions wer 
103. See legends to F 
perimental details. 

Source of RNA 

Mouse mammary 
tumor virus, 
strain DW 

Cat virus, 
strain RD114 

Mouse ribo- 
somal RNA 

Mouse poly(A)- 
containing RNA 
(cytoplasmic) 

* Carried out to a C,, of I 

refore, anneals to spe- bear little or no homology to the known 
i progenitor cell DNA, sarcoma or leukemia viruses (13, 59). Also, 
ey are sequences re- proteins such as reverse transcriptase and 
or to a small group of those that bear group-specific (gs) antigens 
in that they are an un- from endogenous cat or primate viruses 

of sequences within the have little or no demonstrable immuno- 
lome. DNA sequences logic relation to similar components of sar- 
operties have been de- coma or leukemia viruses from the same 
genome (57). animals (13, 22). These informational dif- 
n results show that the ferences contrast with the structural sim- 
1 viral genes in unin- ilarities among the viruses. These sim- 

cells are an informa- ilarities are: (i) particle morphology; (ii) 
The species-specificity presence of a reverse transcriptase; (iii) 

nces may be intimately physical structure of the genomic RNA; 
logical differences be- and (iv) number and size of the major viral 
y may be involved in proteins (7). 
ntal processes. The no- It can be argued that the informational 
ies are involved in nor- dissimilarities described above arise from 
and virogenesis is con- a common ancestor through divergent 
posed relation between evolutionary pathways; the frankly tu- 
se genes and leukemo- morigenic sarcoma and leukemia viruses 
i differentiation (43, 45, arising from the more host-related "endog- 

enous" viruses. Were this true, the sim- 
n normal cells several ilarities among leukemia viruses from dif- 
-nes capable of gener- ferent species should not be as great as the 
viruses. In mice, three similarity between "endogenous" and leu- 
rus information can be kemia viruses from the same species of an- 
lecular hybridization: imal. Studies on the nucleotide sequence of 
ses of leukemia viruses the RNA genomes of relevant viruses by 
ier-Moloney group as molecular hybridization and work on the 
ross type), and at least relatedness of viral proteins by immuno- 
a virus information (6, logical methods show that among the 
). Similar experiments avian and possibly murine viruses, the en- 
of virus particles from dogenous viruses examined so far are 
>w at least two types of closely related to sarcoma or leukemia vi- 
"endogenous" viruses ruses (54), but this is not the case with fe- 

line and primate viruses (22, 59). The leu- 
kemia viruses from different animal 

)n of RNA from class 1 species are, in fact, demonstrably related 
4uences in DNA from dif- to one another (6, 7), while the endogenous idization was carried out 
I RNA and 50 gg of cell viruses of felines and primates are not de- 
e terminated at a C t of tectably related to leukemia or sarcoma vi- 
ig. 1 and Table 1 for ex- ruses from the same species (22, 59). 

These diverse findings can be reconciled 

S e Percent RNA by postulating that several different class 1 

of DNA hybridized at genes exist in a normal cell. Some class 1 
Cot = 103 genes give rise through "misevolution" 

Mouse 45 (45) to the genomes of sarcoma-leukemia 
Rat 0 viruses; some cannot, but can give rise to 
Cat 0 other types of viruses, for example, carci- 
Rabbit I noma viruses. Viruses can be transferred Calf 0 
Human 0 from one species to another as class 1 

viruses (55), then they may become class 2. 
Cat 40 
Rat 0 We believe that simian sarcoma virus Rat 0 
Mouse 3 originated in this way. 
Calf 2 We propose that class 1 genes are in- 
Human 0 timately involved in the normal differ- 

Mouse 76 entiation process and that creation of gen- 
Rat 74 uine tumor viruses from them results from 
Calf 77 their misuse. They are expressed tran- 
H-uman 73 siently during development when the activ- 
Mouse 45* ity of their gene products is essential for a 
Rat 37* particular biochemical activity. In this sit- 
Human 15* uation their expression is effected by para- 
04. processing of the RNA transcript. If these 

SCIENCE, VOL. 188 



genes need to be expressed in a differ- 
entiated cell, or a cell committed to a cer- 
tain differentiation pathway, their RNA 
transcripts are ordinarily processed by the 
mechanism which that cell used to process 
the remainder of its RNA. Occasionally, 
the transcripts are accidentally para- 
processed in the committed or differ- 
entiated cell, and this accident creates the 
potential for the formation of an RNA tu- 
mor virus genome. 

Virus Markers in Human Cancer 

Proteins and nucleic acids genetically re- 
lated to analogs obtained from purified 
woolly monkey sarcoma-leukemia virus or 
gibbon ape leukemia virus (the simian 
RNA tumor virus family) have been de- 
tected in cells of patients with acute mye- 
logenous leukemia (AML) [see (7) and (47) 
for more complete reviews]. These molecu- 
lar species may also be present in some 
persons that never develop cancer, albeit 
less frequently than in persons with leuke- 
mia. Cells from AML patients contain 
paraprocessed-like RNA [high molecular 
weight; contains poly(A)] (60), some of 
which can serve as a template for the en- 
dogenous synthesis of DNA sequences by 
cytoplasmic viruslike particles (61-63). 
These DNA sequences are related to RNA 
from the woolly monkey sarcoma-leuke- 
mia virus grown in rat cells or human cells 
(47, 61) and to RNA from Rauscher leuke- 
mia virus (47, 61-63). The reverse tran- 
scriptase capable of carrying out this reac- 
tion has been purified from cells of AML 
patients and shown to be immunologically 
related to the reverse transcriptases of the 
simian RNA tumor virus family (52). 

White blood cells from normal humans 
also contain cytoplasmic particles that 
carry out endogenous synthesis of DNA 
with viral sequences, but this reaction oc- 
curs primarily on a DNA-template, and 
the newly synthesized DNA sequences are 
related to RNA from woolly monkey virus 
grown in human cells and to RNA from 
Rauscher leukemia virus, but not to RNA 
from woolly monkey virus grown in rat 
cells (47). Examination,of the DNA se- 
quences synthesized by cytoplasmic parti- 
cles of normal cells in the presence of high 
doses of actinomycin D has provided evi- 
dence for DNA synthesis on an RNA tem- 
plate (64), and also in one for ordering 
DNA sequences complementary to RNA 
from woolly monkey virus grown in rat 
cells (65). Finally, a protein related to the 
p30 protein of the simian RNA tumor 
virus family has been detected in some 
patients with acute leukemia (66), but it 
has been reported that a similar protein is 
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Fig. 4. Thermal stability as a function of tem- 
perature of formation of hybrids between RNA 
from class 1 viruses and repeated sequences in 
DNA from uninfected natural host cells. Hy- 
brids were formed as described in the legend to 
Fig. 1, except that only 50 Ag of DNA was used 
per 0.5 ng of RNA, and the reactions were ter- 
minated at a Cot of 103. The detection of hy- 
brids in hybridization mixtures is also the same 
as described for Fig. 2, except that the hybridi- 
zation mixtures were exposed (in 0.15M NaCl 
plus 0.015M sodium citrate) to the indicated 
temperatures for 5 minutes prior to ribonuclease 
treatment. The results are given as percentages 
of a control incubated for 5 minutes at 0?C (45 
percent of the input RNA). MMTV, mouse 
mammary tumor virus; RD114, a cat RNA tu- 
mor virus. 

also detectable in cells from normal per- 
sons (67). The implications of these find- 
ings must wait until the human p30 pro- 
teins are purified and the specificity of the 
viral probes is completely evaluated. Nev- 
ertheless, these results suggest that a class 
2 RNA tumor virus is present in cells of at 
least some patients with AML, and they 
indicate further that the viral components 
may not necessarily be confined to neo- 
plastic cells. 

The ability of human tumor cells to re- 
lease virus particles although of interest is 
usually a rare and transient occurrence 
(68). However, in one case myeloid cells 
from a patient with AML were cultured 
for several weeks under conditions that al- 
lowed the cells to maintain their differ- 
entiated state and to grow exponentially. 
These cells released C type RNA tumor 
virus particles containing reverse tran- 
scriptase immunologically related to ana- 
logs isolated from the simian RNA tumor 
virus family (69). These virus particles 
have high-molecular-weight poly(A)-con- 
taining RNA, related in nucleotide se- 
quence to RNA from the simian RNA 
tumor virus family (70). Although this vi- 
rus was obtained repeatedly from cells of 

one patient, cells from 17 other patients 
were cultured and analyzed similarly but 
they failed to yield detectable virus even 
when components related to the simian vi- 
rus family were sometimes detected in the 
fresh cells (71). In the RNA paraprocess- 
ing framework, tumors can develop with 
or without complete virus production or 
even without many of the markers de- 
scribed earlier; however, they should all be 
associated with paraprocessing of the virus 
RNA. 

What then is the genetic origin of the 
virus and viruslike components found in 
human AML cells? Although some points 
of the evidence appear self-contradictory, 
there is agreement on one important ques- 
tion; if a human virus involved in AML is 
closely related genetically to the simian 
RNA tumor virus family, then the human 
virus (in its entirety) cannot be endogenous 
to humans in the true sense of the word 
"endogenous." In this context an endog- 
enous RNA tumor virus should carry nu- 
cleotide sequences also found in the germ 
line of all individuals from a given species. 
In the simplest case, the genes would be 
found in all tissues of adults of that species, 
and it is in this case that nucleotide se- 
quences of viruses of the simian family 
cannot be endogenous to man. Neither the 
RNA isolated from members of the simian 
virus family (7) nor DNA copies of this 
RNA (72) significantly hybridize to DNA 
from placenta or white blood cells of nor- 
mal humans under stringent conditions of 
hybrid formation. Furthermore, no simian 
virus-related genes have been found in cir- 
culating blast cells from patients with 
AML (7, 72). If the provirus is present in 
these cells, either it is not frequent enough 
to be detected (less than one copy per ten 
cells) or it is related to only a small portion 
of the RNA (less than 10 percent). Genes 
in leukemic cells that hybridize to the 
DNA sequences synthesized endogenously 
by cytoplasmic particles from the same 
cells have been detected (73) and may be 
cytoplasmic genes (7), but they have not 
been identified as coding for the human 
proteins related to simian virus. We con- 
clude from this evidence that RNA tumor 
viruses related to simian virus are not com- 
pletely endogenous to human viruses nor is 
a provirus related to simian virus present 
in most of the morphologically trans- 
formed cells of persons with AML. This 
would mean either that a provirus in the 
transformed blood cells is not sufficiently 
related to nucleotide sequences of simian 
viruses for detection or that a provirus re- 
lated to simian virus exists in some cells, 
and products of the expression of this pro- 
virus secondarily transform other blood 
cells. 
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Summary 

The results of molecular hybridization 
experiments with high-molecular-weight 
RNA isolated from RNA tumor viruses 
and DNA from normal cells suggest that 
RNA tumor virus genomes originate from 
cell genes. Some RNA tumor viruses (here 
called class 1) appear to have been gener- 
ated in recent times in that their RNA is 
closely related in nucleotide sequence to 
certain cell genes (class 1 genes). A second 
class of RNA tumor viruses (here called 
class 2) is more distantly related to ge- 
nomic information of normal cells. Struc- 
tural properties of the RNA of RNA tu- 
mor viruses lead us to propose that the 
tumor virus RNA is originated when RNA 
transcripts of class 1 genes are processed 
by a mechanism we call "paraprocessing." 
We postulate that RNA paraprocessing is 
normally used only at particular times dur- 
ing differentiation and is characterized by 
the cytoplasmic appearance of high-mo- 
lecular-weight RNA chains containing ter- 
minal polyadenylic acid (200 residues). 
Paraprocessing of class I gene transcripts 
in committed or differentiated cells is con- 
sidered to be aberrant in transcription 
that can lead to the generation of an RNA 
tumor virus genome. If the paraprocessed 
class 1 gene transcript codes for a reverse 
transcriptase, replication of the RNA be- 
comes possible. Transfer of the replicating 
RNA to a new cell can result in genetic 
change such that the virus genome mu- 
tates, differing from the original progeni- 
tor genes. We propose that this genetic 
change causes class 1 viruses to become 
class 2. These ideas are applied to evidence 
concerning the biology of infection of 
RNA tumor viruses and concerning the in- 
volvement of RNA tumor viruses in hu- 
man cancer. 

Genetic change can also occur during 
the origination of an RNA tumor virus 
genome by repeated reverse transcription 
and recombination (45) or by genetic alter- 
ation of particularly changeable cell genes 
("hot spots") (43). 
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Fetal Research: Ethics Commission 
Votes to End the Moratorium 

The "four month" moratorium on re- 
search on the living human fetus, which le- 

gally has been in effect since 12 July of last 

year,* should be lifted to allow such re- 
search to go on under carefully circum- 
scribed circumstances. This, in essence, is 
the recommendation that the National 
Commission for the Protection of Human 

Subjects of Biomedical and Behavioral Re- 
search has sent to the Secretary of the De- 

partment of Health, Education, and Wel- 
fare (HEW). 

After studying and debating the ethical, 
legal, and scientific issues relevant to re- 
search involving live fetuses, the commis- 
sion has adopted a position that can be de- 
scribed as being moderately liberal. For 

example, the commission voted unani- 

mously to allow experimentation on fe- 
tuses in anticipation of abortion and, with 

only one dissent, implicitly acknowledged 
that there are situations in which one 
would want to single out for studies fetuses 
that are scheduled to be aborted rather 
than jeopardize those that will go to term. 

Although it is likely that the Secretary 
will adopt the commission's recommenda- 
tions generally as written, it is less certain 
that biomedical scientists, intimidated as 

they were by the very fact that Congress 
demanded a moratorium on fetal research, 
will rush forward with proposals for 
studies involving live human fetuses. 

The "four month" moratorium on re- 
search on the living human fetus, which le- 

gally has been in effect since 12 July of last 

year,* should be lifted to allow such re- 
search to go on under carefully circum- 
scribed circumstances. This, in essence, is 
the recommendation that the National 
Commission for the Protection of Human 

Subjects of Biomedical and Behavioral Re- 
search has sent to the Secretary of the De- 

partment of Health, Education, and Wel- 
fare (HEW). 

After studying and debating the ethical, 
legal, and scientific issues relevant to re- 
search involving live fetuses, the commis- 
sion has adopted a position that can be de- 
scribed as being moderately liberal. For 

example, the commission voted unani- 

mously to allow experimentation on fe- 
tuses in anticipation of abortion and, with 

only one dissent, implicitly acknowledged 
that there are situations in which one 
would want to single out for studies fetuses 
that are scheduled to be aborted rather 
than jeopardize those that will go to term. 

Although it is likely that the Secretary 
will adopt the commission's recommenda- 
tions generally as written, it is less certain 
that biomedical scientists, intimidated as 

they were by the very fact that Congress 
demanded a moratorium on fetal research, 
will rush forward with proposals for 
studies involving live human fetuses. 

*For all practical purposes, there has been a ban on re- 
search on living fetuses since April 1973, when officials 
of the National Institutes of Health promised a contin- 
gent of Roman Catholic schoolgirls that they would 
not support such experimentation. 
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The commission, created under a section 
of the National Research Act of July 1974, 
was given a mandate to investigate a 
number of areas of research involving hu- 
man subjects, but was instructed by law to 
deal with fetal research first. A commis- 
sion staff paper recognizes that the priority 
given fetal research in the law is indicative 
of "the concern of an overwhelming ma- 

jority of the members of Congress that un- 
conscionable acts involving the fetus might 
have been performed in the name of scien- 
tific inquiry." 

By design the 11 members of the com- 
mission were chosen to represent a variety 
of points of view and religious persuasions, 
as indeed they do. Five months elapsed be- 
tween the time the commission was created 
and its members were actually appointed, 
during which time every special interest 

group one can think of lobbied the Secre- 

tary to appoint its favored candidates. 
Then, when the commissioners were final- 

ly named in December (Science, 27 De- 
cember 1974), charges were made that the 

body was top-heavy with Roman Catholics 
and that it was stacked with persons who 
were antiscience. It appears, however, that 
those allegations cannot be supported. In 

spite of the conservative nature of many 
commissioners, their recommendations 
seem calculated neither to please the Pope 
nor to call a halt to fetal experimentation. 
Generally, their recommendations are en- 

tirely reasonable. 
The commission covered a lot of terri- 

tory in its deliberations on research on live 
fetuses. It contracted with Maurice Ma- 
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honey of Yale University for studies of the 

extent, nature, and purposes of fetal re- 
search worldwide, during the past 10 years. 
His survey revealed 3000 papers on the 

subject and showed that less than 1 per- 
cent of the research involved living fetuses 
after delivery. It contracted for a study of 
available medical technology for preserv- 
ing the life of fetuses born at an early 
gestational age, as part of its efforts to de- 
fine what a "viable" fetus is. The study, 
headed by Richard Behrman of Columbia 

University, was summarized by the com- 
mission staff in a brief paper which con- 
cluded that "On an empirical basis the cur- 
rent limits of viability are clear: an infant 
born weighing less than 601 grams at a 

gestational age of 24 weeks or less has 
never survived." 

The commission solicited papers from 

legal scholars, as well as from ethicists and 

philosophers. It held a day of hearings at 
which public witnesses testified. And, it 
consulted its own expertise-the commis- 
sioners themselves are medical research- 

ers, lawyers, and ethicists-in arriving at 
its conclusions. 

From the start, commission chairman J. 
Kenneth Ryant of Harvard Medical 
School, was committed to the idea of 

achieving consensus on these recommenda- 
tions about fetal research, which may be 
the most sensitive and difficult the group 
will have to make. Particularly because fe- 
tal research is so closely tied in many per- 
sons' minds to the abortion conflict, it 
seemed evident that the force of the recom- 
mendations would be seriously diluted 
were they to be accompanied by very many 
minority reports. Throughout the day-long 
session during which they voted on recom- 
mendations, Ryan urged commission 
members to first handle those portions of 
issues on which they could agree and then 
tackle areas of disagreement. As a result, 
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tRyan was elected chairman by the commissioners 
themselves after their first meeting. 
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