
Over the past seven decades. many investigators have 
shown that cell-free agents. ultimately shown to bc 
KNA-containing viruses. induct naturalI) occurring 
tumors in chickens. mice. cats [I] and primates [2]. 
Thcsc tumors are generally of tissues derived from 
the mescnchymc and include the Icukemias. lym- 
phomas and sarcomas. In humans. blood Icukoc$es 
from some patients with acute myelogcnous leukemia 
contain molecules specifically related to components 
of oncogenic primate RNA tumor viruses. These 
molcculcs include a rcvcrsc transcriptasc that is bio- 
chemically and immunologically very similar to the 
reverse transcriptases of the woolly monkey sarcoma 
and gibbon ape leukemia viruses. which are them- 
selves closclq r&ted immunologically [Z!]. Also found 
in the cytoplasm of thcsc leukocytes are nucleic acid 
sequences that are related specifically to the gcnomic 
RNA of the woolly monkc\ sarcoma virus. as mea- 
sured by molecular hybridization [2]. RecentI!. 
antigens related to the m:!ior structural protein (p?(l) 
of the woolly monkey sarcoma virus were found in 
extracts of these lcukocytcs 131. These data suggest 
that the potential to product a whole virus r&cd 
to thcso oncogenic primate viruses is present in the 
Icukocytes of some patients with acute mqclogcnous 
leukemia. and reccntl) wc have isolated such ;I virus 
141. It is thcreforo appropriate to develop specific hio- 
logic and pharmacologic inhibitors of various steps 
in the lift cycle of these RNA tumor viruses. To tm- 
dcrstand the possible targets for such inhibitors. MC 
need to know the details of viral replication and the 
mechanisms of ncoplastic transformation. WC should 
also understand which of thcsc virus cell interactions 
are important in the induction and maintenance of 
naturalI\ occurring tumors. An important question 
is whether tho continuous production of virus is im- 
portant to the spread of ncoplasia within one indivi- 
dual animal. or between animals. The answers may 
vary in different species. Unfortunately. many of thcsc 
arcas arc poorly understood at prest’nt. 

Rq~li~uti~i~ q/’ R1Y.4 (1//11or ri~.~,,sc,s 

The life cycle of the RNA tumor viruses begins with 
adsorption and pactration. followed by synthesis of 
proviral DNA. integration of this DNA into the host 
gcnomc. transcription and processing of viral-related 
RNA. translation of viral proteins. assembly of pro- 
teins and RNA. and is completed by envelopment and 
release (budding) at the plasma mcmhranc. The 

details of these processcs have been the suljcct of 
sevci-al rcccnt rcvicws [S 71. Some of these steps rely 
on viral-spccitic components and thcrcforc might bc 
sub_icct to selective inhibition. Other steps apparently 
rely on host cell machinery. and blockade might be 
qtotoxic. 

In chicken cells. adsorption and pcnctration depend 
on a proper match between viral envelope glycopro- 
tcins that are subgroq-specific and cell surface reccp- 
tors [Xl. In murinc or other mammaliui cells. no clear 
relationship that governs adsorption is known 
bctwecn viral cnvclopc protcina and ccl1 surface 
receptors. However. ncutraliring antisera to murine 
lcukcmia virus bind chiefly to the high molecular 
weight glqcoprotoin (gp 6Y/71) of the viral cnvelopc.* 
The next stag in the lift qcle. transcription of pro- 
viral DNA from viral genomic RNA. is unique to 
this class of virus and is thcrcforc ;I prime target for 
selective inhibition. With one possible cwccption 191. 
MY knou of no clear evidcncc that this pathway of 
information transfer opcratcs in normal cells. In one 
carefully studied system. viral-specific DNA can bc 
dctccted in the cytoplasm within 3 hr of adsorption; 
by 9.5 hr. most 01 this DNA is present in the nucleus. 
and bq 24 hr it is integrated into the host cell gunome 
[IO 121. Characterization of two tcmperature-scnsi- 
ti\,c conditional mutant a\ian sarcoma viruses has 
convincingly dcmonstratcd that viral rcvcrsc trans- 
criptase is responsible for synthesis of \ iral DNA [ 13- 
151. After cytoplasmic synthesis. co\alently circular- 
ired viral DNA is gcncrated: integration can be 
blocked with cthidium bromide [I?. Ih]. In the 
absence of integration. littlc viral RNA is transcribed, 
and transformation of cells and production of virus 
xc blocked [ 12. Ih]. These results do not exclude the 
possibilit) that other sarcoma viruses might trans- 
fol-m cells in the abscncc of synrhcsis and integration 
of complete provirus. A ver! important further fact 
has been established by the observation that these two 
mutants arc toml~crattirc-sensitive in ;I function 
rquircd onlk in the tirst 74 hr following infection for 
subsccIucnt cellular transformation and viral replica- 
tion [ 13. la]. Thercforc. in thi\ s~stcm at Icast. revt’rsc 
transcriptasc has no role in the muintainancc of the 
transformed state or in viral production once proviral 
DNA has been ma&. \:iral RNA is synthcsixd cx- 
clusi\cl> b> transcription of pro\iral DNA. since this 
proms is sensitive to lo\+ concen(rations of actino- 
mycin D [ 171 and RNA complcmcntary to viral 
gcnomic RNA is not found in infcctcd cells. i.c. no 
RNA-RNA qnthctic pathwa) 15 known [IX]. At 
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low multqdlcities of infection. snthcsis of \,iral RNA 
rcquircs one round of cclli7lar division after infection: 

thrreaftcr. howacr. viral RNA synthesis and rcplica- 

tion proceed in stationary as well ;15 dividing cells 
[ 19.201. Viral RNA is synthcaircd in ths nucleus and 
appears in the qtoplasm within 60 min r:! I]. I\;o CL i- 
dence has been presented that any viral-spccitic traw 

scriptional machinur~ i\ involved hcrc. hut thih possi- 
biiity has not been complctcl~ excluded. Viral RNA 
is polyadcn! latcd at itx i’-OH end [7]. Since the 
reverse trnnscriptasc of aviaii nijcloblustosis virus 
docs not transcrihc these tracts of polb ,Z ;II r?r7~, 
[32] and since Grus production is blocked I~!, IOU 
concentrations of cordycepin [?i]. an inhibitor of 
poly A synthesis [?A]. wc suggcstcd that the segments 

of poly A arc added after transcription of viral RNA 
from proviral DNA [23]. Cellular polo A polqmcrac:, 
that might adenylate viral as acll as cellular RNA 
spccics have been isolated and characterized [3]. 
Viral RNA resembles hetcrogcncous nuclear RNA in 
overall sire and length of the terminal scgmcnt of 
poly A [7]. On the basis of this and othcl- c~idencc. 
WC have suggcstcd that Cral RN.4 does not undergo 
the proccssing that cellular mcsscngcr RNA undcr- 
goes prior to appearance in the q toplasm [Xl. The 
steps in this processing arc poop-I! understood. Trans- 
lation of viral RNA has not been studied adcquatcI> 
to detcrminc whuthcr a111 non-hozt machina! map 
bc required. .Asscmbl\ and rclcxc of virions ;trc 
poorly understood biochemically. but electron micro- 
scopic studies indicate that part of the maturation 
of type-C particles occurs during the procuss of bud- 
ding from the plasma mcmbranc r271. 

The initiation and maintainancc of transform~ttion 
do not depend on completion of the viral lift cycle 
[28]. ConverseI\. not all the functions needed for cell 
transformation arc required for viral replication [2X-]. 
Studies with teml7crature-scnsiti~~ mutants of a\ian 
[28] and murinc 129 ?I] saccoma viruses and with 
phenotypic rcvcrtants of transformed cells [i? 311 in- 
dicate that II complex interaction of viral and cellula7- 
gent functions is ncccssary to initiate and maintain 
transformation. 4s dcscribcd sbovc. s~nthcsis and in- 
tegration of at least ;I portion of proviral DK.4 arc 

essential to initiate transformation. In addition. anal\- 
sis of the physiological churactcristics of ;I hcricx of 
temperatiire-scnsitivc G-al mutants has she\\ ii that 
continuous function of scvcr:il \ iral gcncs is nccesar! 
for transformation in the avian [3X] and murine LX 
-iI] systems. At leajt one of these functions is 
expressed within 24 hi- of infection [2X]. Gcnctic ~on1- 
plemcntation studies suggcht that at Icast f~>ut- othc7- 
functions arc‘ rccluircd after 24 hr [7X. 351. A cIc;71- dc- 
scription of these functions is an outstanding pl-ohlcm 
in tumor vii-olog) and ma) Icad to the de\elopmcnt 
of selective inhibitors of transformation. 

Role c?f 117~ 7~;7.71.\ i17 s~~o,1/~1/7c~~71.\ tr/7;/1111/ 1711170/~\ 

The pathways to ct9lular tr~unsformatioli and viral 
replication thcrcforo converge in at least one early 
function (proviral synthesis) but diverge in at least 
one other early and scwxl late functions. When wc 

consider wa!s of intcrfcring \17th naturally occurring 
cmcogencsis in animals. ;I dchmtion of the role of the 

vil-uscis ncccssar! in deciding I+ hcthcr and how to 
inhibit rrcplication and tr~unsl~~rm~ltioii. 41-c the pro- 

dL7ction and qad of 1 iru\ important to the initia- 
tion and maintainancc of ncoplasia. or do the tumors 
result onl! from the activation of proviral transform- 
ing gcncs’! If thC spread of infectious virii5 between 
animals iy 7mportant. is it horizontal. \crtical (genetic) 
01. congenital sprc’;id’.’ ;2Iso. i\ jprc;id of infectious 
L irus w7thin one animal important for the growth of 

tumors Irccriiitnient) or for the w-initiation of nco- 
plasia after the eradication of tumor cclls’l Diffcrent 
relationships bct\\ccn \ lru4. host and tumor arc found 
in dllYcrcnt \pccic.\. In chicku1.s. howontal. vertical 

anti cngcnital infectIon 1-1) ;I\ fan leukosis viruses all 
occur in domestic flocks. but only congenital infection 

is of m+ior importance in the genc\7s of leukemia [Xl. 

In mice. Icukcmia and mammal-> tumor viruses xc 
transmitted verticall!~. and the aly-wxmcc of leuke- 

mia i< rrclatcd to genetic factors that txgulatc the 

pc‘rmissi\cnc~~ of the host ccl1 to t-cphcation of the 
\ irus (F\ -I loci~s~ and po551bl~ the immunologic rc- 
sponsc of the hoxt to the altcrcd cell u7rfacc of the 

Icrikwiic ccl1 (Ii-7 Iocusl rihl. In cats. animal-to- 
animal transmission of feline Icuhcmia viri7s produces 
cluyters of disease c\cn in adult animal<. and discasc 

~na! bc r&tcd to ;I \veak immunologic rcsponsc to 
the \ir-us L-37 .391. Fclinc s;ircom;i \,irus may also 

sprcxi hori/ontall~ r30]. Alrhough lcsh data arc avail- 

al&~. the situation in capti\c colonies of gibbon apes 
appcai-s to bc slmil;ti- to the epidemiology of fclinc 
Icukcmia [-11 -I?].‘” The isolation of ;I tlpc-C‘ viru 

from the lcuhoc! tcs culturai from the blood of ;I 
patient \t’ith acute‘ myclogcnous Icukcmia 131. and the 
finding that this \iruh is immun~)logic~7II) rulatcd to 
the gibbon ape and \~ooll! monkq type-C viruses 
[41. suggest that horizontal infection may play ;i role 

in this form of human Icukcmia. The lack of cpide- 
miologic CL idcncc for such ;I role [-Ii] suggests that 
man! other factor5 ma> modiilatc the oiitco7ne of in- 

fcctioii. 
-rh detection 01’ one mode of tt-ansniission dots 

not ~wAud~ the pobhibilit! that other modes may be 

impot-tant iii tumors: fat- ~~iiiil~lc. mammary tumors 

can bc produced in strains of niicc \rith ;I low inci- 
dcncc of tumors 1~) foster nursing animals on mothers 
from strains \\ith ;I hi$i incidcncc of tumors [44]. 
This phcnomcnon i\ due to congenital milk-borne 
~prcad of I ii-us L-l-l]. <‘ongcnital OI- c‘\c‘n vertical 
tr;rnsnii~sii~n could spread disease to the progcnq of 
animals that L\crc themsclvcs infected by horirontal 
transmission. 

The cI str;itcc\ 01 intcrltircncc with oncogencsis 

dcpcnds on the lit-(7s host relationships. If ;i potcn- 
tiall! oncoynic p1-o1 it-u’\ is passed vertically in the 
gamctcs. inlcction of animals cannot bc prevented by 
blochatlc prior to p7.oCr;ll intcpration. Interruption 

of functions n~cessa~-1 fhi- tr~unsformation would bc 
the ~dcal treatment. Ho~cvcr. inhibition of any step 
rquircd for \.iral replication might retard or prevent 

oncopcncsis if continuing inh_?ion and transforma- 

tlon of normal CCIIX \! ithin the organism (recriiitmcnt) 

\vcrc‘ I ital for the progcs+n of the tumor. Sincc the 
pl-csencc or natui~ll! occiit-ring I it-iis-n~iltraliling 
antihodics cot-rclatc\ with ;I IOU incidcncc of leukemia 
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in mice which inherit the viral genome.* these mice 
may prevent leukemia by limiting the spread of virus 
within themselves. In a group of animals passing virus 
by horizontal or congenital routes. a major objective 
would bc to block viral infection and replication by 
immunologic and/or pharmacologic means. First. vir- 
emit or virus-excreting individuals that serve as a 
reservoir for infection of susccptiblcs should be identi- 
fied. immunized and treated with antiviral agents that 
act on steps after integration of proviral DNA. 
Second. these susceptibles should be identified: as an 
example. individuals who do not circulate neutraliz- 
ing antibodies and who contact viremic individuals 
might constitute a group at risk. These susceptiblcs 
should be immunized and receive agents designed to 
interfere with viral entry or synthesis of provial DNA. 
Third, individuals with tumors should be treated in 
the same way as the virus shedders, both to eliminate 
a reservoir of infection and to block possible recruit- 
ment. Immunization in this situation means the 
stimulation of virus-neutralizing antibodies. either by 
the in_icction of inactivated virus or of virus cnvclopc 
glycoprotein (gp 69/71). Of course. tumor-bearing in- 
dividuals would also hen& from treatment with 
agents that specifically block transformation func- 
tions. or from immunotherapy designed to enhance 
a cytotoxic response to viral-related neo-antigens on 
the tumor surl%c. 

Although we can begin to see when specific viral 
functions should be blocked in various circumstances. 
unfortunately no selective, potent pharmacologic inhi- 
bitors of any of these functions have been found. The 
dearth of useful compounds may be attributable to 
the mechanistic similarit) of cellular and viral func- 
tions. a majpr problem m the development of anti- 
viral agents m general. At any rate. most of the inhibi- 
tors that have been described are toxic to cells or 
animals: this toxicity complicates the interpretation 
of observed effects of these compounds in cell culture 
or in animals. For example. interference with cellular 
growth impairs cellular transformation and viral rep- 
lication [ 19. 30.451. 

Steps leading to both replication and transforma- 
tion include adsorption. penetration. and synthesis 
and integration of proviral DNA. Immunization Icad- 
ing to the production of ncutrali7ing antibodies is the 
most straightforward approach to blockade of 
adsorption and penetration. Problems of safety associ- 
ated with the use of attenuated or inactivated onco- 
gcnic viruses as vaccines might be overcome by im- 
muni7ation with the high molecular-weight envelope 
glycoprotein (gp 69.7 I ). Although no pharmacologic 
inhibitors of adsorption and penetration arc known. 
sclectivc interference with these events is feasible. 
Fragments. derivatives or analogues of viral envclopc 
glycoprotcins might block penetration by competing 
for binding site\ on the cell surface. Difliircnt COITI- 

pounds would prohubl; bc rcquircd for ditrcrcnt viral 
subgroups or t\pcs. Thus situation might be analogues 
to the specllic inhibition of post-adsorption 

penetration of A-2 influenza virus by amanta- 
dine [46]. 

By contrast. a great variety of inhibitors of reverse 
transcriptase have been studied: we have recently 
reviewed this field [47]. Virtually all of the inhibitors 
of reverse transcriptase described to date also inhibit 
cellular DNA polymerases. Compounds that act by 
binding to the enzyme inhibit cellular and viral poly- 
merases approximately equally [47]. As expected. the 
potent inhibitors arc cytotoxlc 1471. More selective 
enzyme-binding agents are badly needed. but it is not 
obvious where to starch for thcsc or what compounds 
to synthesize. Substrate analogues. template-primer 
analogues or template-binding agents do not offer the 
potential for selectivity that enzyme-binding agents 
do [47]. Guntaka ct al. [I61 have rcccntly found that 
cthidium bromide blocks the integration of proviral 
DNA by inhibiting the formation of covalcntly closed 
circular duplex intermcdiatcs. This compound is not 
specific; it also strongly interferes with mitochondrial 
RNA synthesis [4X]. 

Low concentrations of actinomycin D block trans- 
formation and replication by inhibiting the transcrip- 
tion of viral RNA from proviral DNA [ 177. Of 
course. this inhibition is nonspecific: cellular RNA 
synthesis is also blocked. We found that an analogue 
of adenosinc, 3’.deoxyadenosine or cordycepin. blocks 
the induction of virus from infected but nonproducing 
cells [33]. These cells contain proviral DNA but do 
not synthesize whole virus. After treatment with halo- 
gcnated pyrimidines. the cells product virus [49] ; this 
phenomenon is called induction and is a model for 
the study of events in the life cycle that occur after 
integration of the provirus. Cordycepin blocks induc- 
tion at concentrations that are not cytotoxic 1233. 
Inhibition is observed only if the compound is present 
during the first 34 hr after removal of the inducing 
agent 1231. WC suggested that this compound inhibits 
induction by blocking the adonylation of viral RNA 
[23]. At concentrations that are not cytotoxic. cordy- 
cepin does not block cellular transformation after in- 
fcction by murine sarcoma virusest This result may 
simply reflect the fact that a more limited transcrip- 
tion and:or adenylation of viral RNA scquenccs is 
necessary for transformation than for viral replication. 

No specific inhibitors of translation of viral mRNA 
arc known. We found that interferon inhibits the in- 
duction of of virus by, halogenatcd pyrimidines [SO]. 
and it is possible that Inhibition of translation of viral 
mRNA is the mechanism of action. However. we* 
and others [51] found that the intracellular con- 
centration of viral proteins is not lowcrcd by trcat- 
ment with interferon. These results suggest that inter- 
feron may act in this situation by inhibiting the 
assembly of viral proteins and RNA or the budding 
and release of mature virus 1511. No other specific 
inhibitors of viral asscmblq and ~rclcase are known. 

Several agents of widely varying chemical composi- 
tion have been reported to inhibit or reverse transfor- 
mation of cells in tissue culture. The variety of these 
agents. plus the tendency to inhibit transformation 
by a variety of tumor viruses and chemicals. suggests 
that the mechanism of action is on secondary cellular 
events necessary to initiatr and maintain the trans- 
formed phenotype. rather than on primary viral- 
coded functions. Some of these agents include cyclic 
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AMP or its analogucs 1571. histones or othct- pal\ a- 

tions [S]. dimcth\,l sulfoxide [S-k]. monovalent con- 

canavalin A [55]. inhibitors of protcascs [Sh. 571 and 

hyaluronidase [5X]. With the possible accption of 
a rifamycin derivative [59]. MC know of no co~npoL~t~i 

that specifically inhibits or lrcwxs transformation 1~) 

RNA tumor viruses. Prc-trcatmcnt of sarcoma \ iruses 
with rifamycin dcl-ivativcs inhibits tran\lorm;ltion 
1451 or leukemogencsis [60] in proportion to the 
extent of inhibition of rcvcrsc transcriptase. Treat- 
mcnt of animals with viral-induced tumor\ \\ith rifa- 
mycins that potent11 inhibit rcvc’~-SC tranzcriptasc ha\ 

yielded variable results [hi J.* One problem is ;I Ixl\ 

of information on the absorption. distribution. mcta- 
holism and excretion of those rihmqcin d~%\atiws. 
Also. as discussed above. the depcndcncc of tr~mot- 

growth on continuous synthcsi\ of pro\iral DNA ij 
not clear. 

Progrcss toward selective inhibition of the rcplicat- 
ing and transforming functions of RNA tumor VII-IISL‘S 

is likely to he slow. since the details of 11lan~ 01‘ thcsc 
functions are not tmdcrstood. F\-cn M hen ;I cpccific 
viral process is fairly well understood. such ;L\ 5, n- 
thesis of proviral DN.4. no clues are oh\ ioux to ~LII~C 

the search for sclcctivc inhibitors. Two approaches 

may bc helpful. One ob\iotls direction is :I continuing. 
combined biochemical and genetic analysis of (a) con- 
ditional mutants of transforming Viruses and (1~) 1w11- 

transformed rcvcrtants of cells initialI\ transformctl 
b\ RNA tumor viruses. For the ~nal~sk of Icukcmia 
vIruscs. a transformation assay iu rilw uould hc \cr\ 
helpful: such an assay probably dcpcnds on lintiing 
and culturing the proper target ccl]. ,Another 
approach is to study how cells restrict the c\pl-cssion 
of thcsc viral functions. For cumple. an undcrstand- 
ing of how marine cells of gcnotype FL- I “I’ can I-C- 

strict the replication of B-tropic lcukcmic vilusc\ 1.371 
might lead us to mimic this regulation. Thi\ rcstric- 
tion is genetically dominant [.%I. sLI,, ~~~utiiif thal cells 

produce a factor that blocks ;I step that is sL1lmyL1c11t 

to proviral integration. This factor should bc charac- 
tcrized. Whenever specific inhibitor-s do lxcom~ avail- 
able. their rational LISC will depend on ;I CILXI. L~ndct-- 

standing of the role of the virus in the initialion and 

maintenance of the tumor in qilc\tion. 
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