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A bstract

STUDIES ON THE INFECTION OF MOUSE CELL WITH 
FRIEND LEUKEMIA VIRUS: MACROMOLECULAR SYNTHESIS, 

CELL GROWTH AND VIRUS PRODUCTION IN FRIEND LEUKEMIA 

VIRUS INFECTED FIBROBLASTS

by
N orm an Gabelman

A dviser: P ro fe sso r C harlotte F riend

V iruses which infect m am m alian ce lls  a re  known to  cause changes 
in h o st-ce ll physiology. Most of the stud ies of F riend  Leukem ia V irus 
(FLV) c a rr ie d  out in tis su e  culture had involved chronically  infected 

host c e l ls . In o rd e r to study the effects of v ira l infection on host ce lls  

and the rep lica tive  cycle of the v iru s, the events following infection of 
secondary mouse em bryo fib rob lasts (MEF-2) in tissu e  culture with 

FLV w ere investigated . FLV infection was confirm ed by e lectron  

m icroscopic exam ination and the subsequent effects on m acrom olecu- 
la r  syn thesis, ce llu la r growth and v irus production w ere studied.

The ra te  of DNA synthesis in c reased  in M EF-2 cu ltu res following 

infection with FLV as com pared with cu ltu res which w ere untreated  o r 

exposed to  heat-denatured  v irus (D-FLV). DNA synthesis reached a 

peak between 24 and 48 hours a f te r  infection.

Radioautographic stud ies of dividing and ’’res tin g ” (nondividing) 
cells revealed  that the percentage of ce lls  which incorporated  thym i­

dine into th e ir  nuclei was g re a te r  in FLV inoculated cu ltu res than in 
untreated  cu ltu res o r in cu ltu res trea te d  with D -FLV . The observed 
in c rease  in  the percentage of DNA synthesizing ce lls  in  infected 

cu ltu res appears to  be independent of the ability  of the cells to d iv id e .

The ra te  of cellu la r RNA and pro tein  synthesis did not appear to  
be affected by FLV infection.
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The generation  tim e (T) in FLV infected M EF-2 was significantly  

sh o rte r  than in contro l c u ltu re s . Cell cycle analysis revealed  that 

the observed shortening of the generation  tim e was a re su lt of a de­
c rease  in the tim e req u ired  for the FLV infected cells to  tra v e rse  
the G1 and S phases of the cell cycle . By 72 hours post infection, the 

cu ltu res had grown to  a significantly  g re a te r  population density  than 
c o n tro ls .

Studies of the k inetics of v iru s production indicate that v iru s is 

p resen t in the medium by 4 hours a fte r infection and that the maximum 
ra te  of v irus re lease  occurs between 24 and 96 hours a fte r  infection.

C e ll-free  tissu e  cu lture f i ltra te s  w ere found to  have a  low leuke- 
mogenic potential and to induce leukem ia in m ice only sporadically  
a s  had been noted by o th e rs .
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I. INTRODUCTION 

H isto rica l Background

T here is  considerable inform ation dating tack  to the tu rn  of the 

century  which e stab lish es a v ira l etiology for many of the neoplastic 

d iseases  of higher v e rte b ra te s . The possible ro le  of v iru ses in the 

etiology of cancer was considered  as ea rly  as 1908, when E llerm an  

and Bang repo rted  the tran sm iss io n  of an ery throm yeloblastic  leu­

kem ia in chickens by the inoculation of a  c e ll-fre e  f iltra te  (E llerm an 

and Bang, 1908). Rous in 1911 showed that a  fowl sarcom a which 

originated spontaneously in a Plymouth Rock hen and which had been 

tran sm itted  se v e ra l tim es by ce ll g rafts to  b irds of the sam e s tra in  

could be tran sm itted  by c e ll-fre e  f iltra te  (Rous, 1911). In 1939, 

B ittner showed that certa in  m am m ary carcinom as of m ice w ere 

tran sm itted  to  the progeny through the m ilk and that the infectious 

agent would pass through a b ac te ria l f ilte r  (B ittner, 1939).

Since mouse leukem ia is  in many resp ec ts  s im ila r  to  human leu­

kem ia many investiga to rs attem pted to determ ine w hether mouse leu­

kem ia was tran sm itted  by a filte rab le  agent. In 1938, E ngelbreth- 

Holm and F red erik sen  repo rted  the induction of leukem ia in AK mice 

with c e ll-fre e  f i ltra te s  of lymph nodes of leukem ic m ice of the sam e 

s tra in  (Engelbreth-Holm  and F red erik sen , 1938). In 1951, G ross 

dem onstrated  in a  m ore conclusive way, the production of a lymphatic 

leukem ia in C3H m ice inoculated soon a fte r  b irth  with an ex trac t of
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leukemic tis su e s  from  an AK mouse (G ross, 1951). T herea fte r, a 

num ber of m urine leukem ias having v ira l e tiologies w ere repo rted  by 

Friend (1957), G raffi (1957), Buffet and Furth  (1959), Maloney (1960), 

R auscher (1962), and L eiberm an and Kaplan (1966).

The m urine leukem ia induced by F riend  Leukem ia V irus (FLV) is  

of considerable in te re s t in  that it resem b les DiGuglielmo’s d isease 

(DiGuglielmo, 1946), an ery thro leukem ia (ery threm ic m yelosis) of 

m an. Inoculation of susceptib le m ice with FLV re su lts  in an e ry th ro ­

leukemia ch arac te rized  by m assive splenom egaly, p ro liferation  of ab­

norm al cells in the spleen, liv e r, bone m arrow  and periphera l blood, 

anem ia (Friend, 1957) o r polycythem ia (Mirand and G race, 1967). The 

review of the lite ra tu re  p resen ted  below is  concerned with what is  

known about the s tru c tu re , chem ical com position and rep lication  cycle 

of FLV and re la ted  oncogenic v iru se s  and th e ir  effect upon m acrom o­

lecu lar synthesis and growth in m am m alian ce lls  in tissue  cu ltu re .

V iral Morphology

U ltra s tru c tu ra l stud ies of FLV show that the v irions a re  roughly 

spherica l p a rtic le s  about 90- lOOnM in d iam eter having a well defined 

envelope and a  cen tra lly  located nucleoid (DeHarven and F riend, 1958). 

Two types of p a rtic le s  a re  generally  seen  in association  with infected 

c e lls , te rm ed  the enveloped type A and C (Bernhard and G uerin, 1958; 

DeHarven, 1968). The C p artic le  d iffers from  the enveloped A p a r­

tic le  in tha t it  has an e lec tron -dense  nucleoid, about 70nM in d iam eter,
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while the enveloped type A partic le  has an e lec tron -lu scen t nucleoid 

of s im ila r  s iz e .

The arrangem ent of the nucleic acid in the nucleoid is  not com ­

pletely understood, however recen t investigations with R auscher 

Leukem ia V irus (RLV) suggest that the v ira l genome is  coiled into a 

hollow ball within the v ira l core and enclosed within a filam entous 

capsid ra th e r  than bunched into a compact m ass (Luftig and Kilham, 

1971).

Physical and C hem ical C h a rac te ris tic s  of the V irus

The v irions of the m urine leukem ia v iru s group have a buoyant 

density  of 1.16g/m l (O'Connor, R auscher and Zeigel, 1964; O rozlan, 

Johns and Rich, 1965; D uesberg and Robinson, 1966). O verall quan­

tita tive  data on the chem ical com position of FLV does not seem  to  have 

been rep o rted . However, F ran ck er and Reibeck (1968) rep o rted  that 

when FLV labeled with tr it ia te d  p re c u rso rs  of RNA, protein  and lipid 

is  analyzed on a sucro se  density  gradient, the radioactiv ity  and the 

infectivity a re  found at the sam e position in the g rad ien t. The data 

given below a re  a construct obtained by piecing together the data  from  

sev e ra l different lab o ra to ries  on d ifferent, but re la ted  oncogenic RNA 

v iru s e s .

Lipid

The lip id  of the oncogenic RNA v iru ses  partic le  is  found m ainly in 

the envelope. It constitu tes about 35% of the dry  weight of avian m yelo­



b lasto sis  v irus (AMV) (Bonar and B eard, 1959) and about 27% of the dry  

weight of m am m ary tum or v iru s  (MTV) (Lyons and M oore, 1965). About 

80% of the lipid found in the v ira l envelope is  phospholipid, which is 

among the regu la r components of eukaryotic cell m em branes. The spe­

cific lipid components a re  very  s im ila r  to  those found in the host cell 

(Johnson and M ora, 1967). The large amount of lipid in the envelope 

accounts fo r both the low density  of the v irions and th e ir  sensitiv ity  to 

phospholipases and lipid solvents (de Tkaczevski, et a l . ,  1968).

RNA

Although FLV has ribonucleic acid (RNA) as i ts  genetic m ateria l 

(F rancker and Reibeck, 1968), its  percentage in the v irus is  as yet 

unknown. It has been determ ined that 2% of AMV is  RNA (Bonar and 

Beard, 1959). Density gradient sedim entation of the RNA derived  

from  purified FLV v irions reso lv es a  fa s t moving component with an 

estim ated  Sw> 20 °f 68S (about 10^ daltons of RNA) and a slow er mov­

ing component with a  sedim entation value of less  than 10S (F rancker 

and Reibeck, 1968).

A nalysis of the base com position of FLV-RNA suggests that the 

RNA is  single stranded  (F rancker and Reibeck, 1968). In a ll other 

oncogenic RNA v iru ses  in which the RNA has been ch arac te rized  it 

has been found to  be single stranded  (Robinson, et a l . ,  1965; Mora, 

et a l . ,  1966; Robinson, e t a l . ,  1967).

Although no analysis of FLV-RNA has been reported , Duesberg 

and o thers (Duesberg, 1968; E rickson , 1969; Bader and Steck, 1969;
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Biswal and Benyesh-M elnick, 1969) have repo rted  that the "70S" RNA 

of o ther oncogenic RNA v iru ses can be converted to  37S pieces (MW 

about 2 .5  x 10® daltons) by u rea , dim ethylsulfoxide (DMSO) or heat­

ing; trea tm en ts  known to break hydrogen bonds. T his finding is e s ­

pecially in te resting  since the ta rg e t size  of Rous Sarcom a V irus (RSV) 

in x -ra y  inactivation experim ents is  about the sam e as the infectivity 

of Tobacco Mosaic V irus (TMV) under s im ila r  conditions (L atarjet 

and C ham aillard , 1962). T herefo re , the oncogenic capacity of RSV 

may be coded by an RNA subunit the size  of the TMV-RNA (about 

2 .5  x 10® daltons). These findings appear to  be in agreem ent with 

those repo rted  by Duesberg (1968) fo r  influenza v iru s RNA which has 

been shown to consist of five o r six  p ieces by e lectrophoretic  ana ly sis . 

W atson (1971) has been unable to dem onstra te  the presence of "706" 

v ira l RNA in the cytoplasm  of RLV infected mouse ce lls , but has been 

able to  iso late  a single homogenous 37S peak of v ira l RNA from  cyto­

plasm ic e x trac ts  trea ted  with DMSO. It is  speculated that 70S RNA is  

synthesized from  37S pieces at the tim e that the v iru s is  assem bled .

In addition to  the ” 70S" RNA of the v ira l genome, RNAs thought to  

be of cellu la r orig in  have been repo rted  (Wollman and K irsten , 1968) 

to be p resen t in purified mouse leukem ia v ir io n s . Of p a rticu la r 

in te res t in th is  regard , is  the presence of a  m ethylated 4S RNA, which 

appears to be s im ila r to host cell tRNA. (M essenger and v ira l RNAs 

a re  not m ethylated, w hereas tRNAs and ribosom al RNAs a re  m ethy­

la ted .) (Erickson, 1969).
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DNA

Although the bulk of the nucleic acid of the oncogenic RNA v iru se s  

is  known to  be RNA, Levinson, e t a l. (1970) have repo rted  finding DNA 

located in  the in te r io r  of the RSV v irion . The significance of the p re ­

sence of the DNA in the RSV is  not known. It m ay be a  product of the 

RNA dependent DNA polym erase o r host DNA incorpora ted  during v irus 

m aturation, however, DNA inactivation experim ents using 5 brom o-2- 

deoxyuridine indicate that the DNA inclusion, w hatever its  source, is 

not requ ired  for v irus rep lica tion  (Levinson, e t a l, 1972).

P ro teins

FLV, when d isrup ted  by sodium  dodecyl su lfa te , yields 3 polypep­

tides by polyacrylam ide e lec tro p h o res is  (F rancker and Reibeck, 1969; 

F ran ck er and G ruca, 1969). Schafer and cow orkers isolated a single 

homogeneous polypeptide with group specific activ ity  from  T w een-ether 

trea ted  FLV (Schafer, e t a l . ,  1969). This polypeptide is  antigenically 

re la ted  to  protein p resen t in G ross Leukemia V iru s (GLV) and RLV 

(G regoriades and Old, 1969).

Carbohydrates

In addition to  lipid, RNA, DNA, and protein , some carbohydrate 

m oieties may be in teg ra l p a rts  of the stru c tu re  of FL V . Glucosamine 

has been found in  AMV (Bonar and Beard, 1959) and the presence of 

sev e ra l carbohydrates in addition to  the ribose from  the RNA have



been estab lished  in the influenza v iru s e s . They amount to  5 to  8% of 

the d ry  weight of the v irus (Ada and Gottschalk, 1956). They include 

galactose, m annose, fucose, and g lucosam ine. It is  probable that in 

FLV as in influenza v iru s, such substances contribute to  the antigenic 

ch a rac te r of the v irus (Laver and W ebster, 1966).

E ffects of Oncogenic V irus Infection on the Host Cell

Infection of susceptible host cells  with oncogenic v iru ses  re su lts  

in changes in host cell physiology. The cellu la r a lte ra tio n s  which r e ­

sult from  infection with oncogenic DNA v iru ses have been extensively 

studied (Green, 1970). C ells infected with oncogenic DNA v iru se s  

exhibit (a) lo ss of density-dependent inhibition, which re su lts  in s tr ik ­

ing changes in the growth of the infected cells; (b) changes in cell 

morphology; (c) changes in  karyotype; (d) autonomy and indefinite life 

in cu lture; (e) changes in enzym e synthesis; (f) changes in m acrom olecu­

la r  syn thesis; and (g) acquisition of new v iru s-sp ec ific  an tigens.

L ess  is  known about the effects of FLV and o ther oncogenic RNA 

v iru se s  upon the ce lls  they in fec t. None appear to be cytopathic. In­

fection of host ce lls  with certa in  avian and m urine sa rcom a v iru ses 

(e .g . ,  Rous Sarcom a V irus, Maloney Sarcom a V irus) re su lt in m orpho­

logic changes (transform ation) s im ila r  to those seen  with oncogenic 

DNA v iru se s , however infection with the m urine leukem ia and avian 

leukosis v iru se s  (e .g . ,  FLV, RLV and Avian Leukosis V irus [ALV]) 

does not re su lt in tran sfo rm ation  (see Boiron, et a l . ,  1967; V igier,



1970). * Although no obvious m orphological changes in the cell follow 

infection with FLV, changes in (a) m acrom olecular synthesis; (b) en­

zyme synthesis; (c) growth ra te ; (d) antigenic c h arac te r of the cell; 

and (e) the production of infectious v iru s can be detected .

M acrom olecular Synthesis

Among the changes in ce llu la r physiology that may be detected 

a fte r infection with oncogenic RNA v iru ses a re  a ltera tions in DNA,

RNA and pro tein  sy n th e s is .

DNA sy n th e s is . Synthesis of DNA in m am m alian ce lls  in tissue  

culture is  stim ulated  by DNA containing oncogenic v iru ses  such as 

Polyom a Virus (Dulbecco, et a l . ,  1965), Sim ian V irus 40 (Gershon, 

et a l . ,  1966), and A denovirus (Ledinko, 1967).

C erta in  oncogenic RNA v iru se s  a re  a lso  capable of stim ulating 

DNA synthesis in m am m alian ce lls  in tissu e  cu ltu re . Lee, et a l.

(1968) showed that RSV is  capable of stim ulating  DNA synthesis in 

chick em bryo m yotubes, even though it  could not stim ulate  cell division 

o r m orphological tran sfo rm atio n . H irschm an, et a l .  (1970) rep o rt 

that while Maloney Leukem ia V irus (MLV), which is  re la ted  to  FLV 

(Friend, 1966) could not stim ulate  DNA synthesis in contact inhibited 

3T3 ce lls  (Todaro and G reen, 1963), MLV was capable of stim ulating 

DNA synthesis in actively  dividing m ouse em bryo fib rob lasts  (MEF).

La Cour, e t a l. (1970) found a  s im ila r  in crease  in DNA synthesis in

1 Osato, et a l .  (1966) rep o rt such tran sfo rm ation  with FL V . The 
re su lt, however, has not been confirm ed.



9

active ly  dividing chick em bryo fib rob lasts (CEF) infected with Avian 

M yeloblastosis V irus (AMV).

RNA sy n th e s is . D ifferent m em bers of the oncogenic RNA v irus 

g roup  appear to  have varying effects on ce llu la r RNA syn thesis . La 

Cour, e t a l. (1970) rep o rt an increase  in  AMV infected C E F. A s im i­

la r  in c rease  in RNA synthesis was repo rted  by Albach, et a l. (1970), 

in GC v iru s , an oncogenic RNA v iru s . On the other hand, H irschm an, 

et a l .  (1970) rep o rt no in c rease  in RNA synthesis in MLV infected 

M EF. The observed d ifferences in the effects of v irus infection on 

RNA synthesis may re su lt from  re a l d ifferences in the ab ilities  of the 

various v iru ses  to  stim ulate  RNA synthesis o r on the other hand these  

data  m ay re flec t d ifferences in the assay  techniques em ployed.

P ro te in  sy n th e s is . Although little  is  known about the effects of 

FLV infection on pro tein  synthesis in v i t r o , Budillon, et a l. (1964) 

rep o rte d  increased  pro tein  synthesis in the spleens of infected m ic e .

Enzym e Synthesis

Stim ulation of nucleic acid  synthesis in cells infected with onco­

genic RNA v iru se s  is  accom panied by changes in enzyme activ ities 

a sso c ia ted  with nucleic acid m etabolism . FLV infection re su lts  in a 

stim ula tion  of phosphorib isy lam idotransferase activ ity  (Reem and 

F riend , 1967), RNA m ethylase activ ity  @3ilber, et a l . ,  1967), DNA 

dependent RNA polym erase activ ity  (Lin and Rich, 1968; Munson, et 

a l . ,  1970), nucleoside deam inase activ ity  (Silber, e t a l . ,  1971) and a
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depression  of RNAase activ ity  (C harkrabarty , et a l . ,  1970) in mouse 

sp leens following FLV infection.

Cell Growth

In the usual tissu e  culture m edium , serum  is  a  lim iting fac to r for 

the m ultiplication of fib rob lasts  in m onolayer cu ltu re . Holley and 

K iernan (1968) have dem onstra ted  that the sa tu ration  density  of 3T3 

ce lls  depends in large  part upon the serum  concentrations used in the 

m edium . In experim ental situations w here the serum  in the medium 

is  lim ited, as for exam ple when the medium is  not changed during the 

course  of the experim ent, the ra te  at which the ce lls  grow and the 

final density  which they achieve a re  apparently  dependent upon the effi­

ciency with which the serum  growth fac to rs  a re  m etabolized (Temin,

1971).

Oncogenic RNA v iru s infection appears to in crease  the efficiency 

with which ce lls  in m onolayer culture u tilize  the growth fac to rs  p resent 

in s e ru m . Colby and Rubin (1969) repo rted  that under conditions where 

se rum  was lim ited  RSV infected CEF grew  to  g re a te r  densities than 

did the uninfected co n tro ls . La Cour, e t a l .  (1970) a lso  repo rted  a 

stim ulation  of the growth ra te  in AMV infected CEF cu ltu res .

The in creased  growth ra te  in  v irus infected ce lls  m ay re flec t yn 

ability  on the part of such ce lls  to  double th e ir  num ber (generation 

tim e) m ore quickly than uninfected ce lls  under the conditions of the ex­

perim en t. Lajtha, e t a l .  (1954) f i r s t  dem onstra ted  that se v e ra l d is ­



11

tinct p ro cesses  occur during each norm al generation  tim e and that each 

p rocess only occurred  once in a  single tim e period . M itosis and m ajor 

DNA synthesis do not occur sim ultaneously  and the cellu lar life cycle 

(cell cycle) can be divided into a m itotic phase (M-phase) which is 

typically  sep ara ted  from  S-phase during which ce llu la r DNA is  re p li­

cated by a gap of se v e ra l hours called  G -2. S im ilarly , the gap, a lso  

typically  of sev e ra l hours between the end of M -phase and the beginning 

of S-phase is  called G - l .

Methods for estim ating  the frac tion  of the ce ll population in each 

phase of the cell cycle and the tim e spent there  have been devised by 

Q uastler and Sherm an (1959), S tanners and T ill (1960), Puck and 

Steffan (1963), and Watanabe and Okada (1967).

Some rep o rts  have indicated that the ability  of a  v irus to estab lish  

an infection in a  host cell is  dependent upon the stage of the cell cycle 

(Yoshikura, 1970; Hobom-Schnegg, et a l . ,  1970). However, little  is  

known about the effects of oncogenic RNA v irus infection upon the cell 

cycle o r the cellu la r growth r a te .  A lterations in the generation tim e 

may reflec t a lte ra tio n s in the tim e requ ired  for the infected ce ll to 

tra v e rse  one or m ore divisions of the cell c y c le .

Antigenic C harac te r of the Cell

FLV induces novel antigens in infected host ce lls  which a re  s im ila r 

to  those found in the v iru s , and which can be detected by an tise ra  against 

v ira l antigens (Old and Boyse, 1965; H artley , et a l . ,  1965). F o r ex­
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am ple, neu tra lization  and agglutination te s ts  have revealed  the ex istence 

of a v ira l  coat antigen(s) (FMR antigen) shared  by MLV, R L V , and FLV 

(Friend, 1966; M ayyassi, et a l.,1966; Steeves and Axelrod, 1967). In 

addition to  the FMR antigen which is found in the envelope of the v iru s , 

the m ouse leukem ia v iru se s  sh a re  a common group specific (gs) "soluble" 

antigen which is thought to  be in ternal to  the envelope, and which can  be 

detected by p rec ip itin  te s ts  ( G eering, et a l . ,  1966).

Production  of Infectious V irus

E a rly  investigations of FLV m ultiplication in v itro  w ere  ham pered 

by the absence of a convenient method for titra tin g  tis su e  cu ltu re  passaged 

v irus and had been confined la rge ly  to immunologic, physical and e lectron  

m icroscopic  exam inations of v ira l  production. Recently how ever, assays 

based on com plem ent fixation (H artley  et a l , . 1965), v ira l in te rfe rence  

(Yoshikura et a l, 1969), syncytium  form ation in RSV induced ra t  tum or 

(XC) c e lls  a fte r cocultivation with m urine leukem ia v iru s (MuLV) infected 

MEF (Klem ent, et a l . , 1969), o r  the  enhancement of focus form ation  by 

defective MSV (F isch inger and O 'Connor, 1968) have begun to  fac ilita te  

investigations of FLV m ultiplication.

Studies of the  life cycles of FLV and other oncogenic RNA v iru se s  

indicate that infection of suscep tib le  ce lls  is followed by (a) adsorption
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and penetration  of the v irions into the cell; (b) passage of the v irions 

into a  noninfectious sta te  (latent or eclipse  phase during which the 

v ira l components a re  thought to  be rep lica ted  and assem bled), (c) 

m aturation  and re lease  of progeny into the ex trace llu la r  medium, in 

which the v iru s t i te r  in c rease  during a few days to  a plateau of r e la ­

tively  constant t i t e r .

A dsorption and penetration  of v irions into the c e l l . Events which 

take place at the surface of the cell appear to  determ ine the ability  of 

a v iru s to adso rb  to  the host cell m em brane and th ere fo re  its  ability  

to infect the host c e ll. T hese events a re  not well understood. In te r­

ference  studies seem  to  indicate that specific in te rac tions between the 

v ira l envelope and ce llu la r rec ep to rs  m ust occur before fu rth e r steps 

in the rep lica tive  p rocess can o ccu r. F o r exam ple, p rio r  infection of 

cell cu ltu res with FLV w ill substan tia lly  reduce the ability  of a m urine 

sa rco m a  v irus to  produce foci of m orphologically a lte re d  ce lls  (Sarma, 

e t a l . ,  1967; Yoshikura, e t a l . ,  1969).

A fter adsorption has occu rred  the next event in the infectious p ro ­

c ess  is  the penetration of the v irion  into the c e ll. The m echanism (s) 

by which v iru ses  en te r the ce ll a fte r  adsorption have been studied by 

a  num ber of in v es tig a to rs . E a r l ie r  studies with influenza v irus, which 

like FLV has an e th e r sensitive  envelope, suggested that the v iru s was 

ingested intact (viropexis) (Fazekas de S t . Groth, 1948) o r en tered  by 

a  p ro cess  involving fusion of the cell m em brane and the v ira l envelope 

(Hoyle, 1962; M organ and R ose, 1968). More recen t investigations of
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the method by which RLV e n te rs  the cell (Miyamoto and Gilden, 1971) 

suggest that penetration  of the v irus re su lts  from  e ith e r (a) s im u lta ­

neous dissolution of both the v ira l envelope and cell m em brane re s u l t­

ing in the passage of the v ira l nucleoid d irec tly  into the cytoplasm , or 

(b) dissolution of the cell m em brane with d irec t penetration of the in tact 

enveloped v iru s into the cytoplasm  followed by in tracytoplasm ic d isru p ­

tion of the envelope resu lting  in re le a se  of the nucleoid into the cyto­

plasm  . The au thors fu rth e r propose that the penetration of the v irion  

into the cell req u ire s  the p resence of an enzyme localized in the v ira l 

envelope, cell m em brane, o r both.

Latent o r eclipse  p h a se . The v iru s genome having gained access  

to the ce llu la r cytoplasm  encounters the host m etabolism  which appears 

to  determ ine the fate of the v iru s . T here  may be, fo r exam ple, a 

close re la tionsh ip  between the stage of the ce ll cycle and the efficiency 

with which the v irus can infect it (Hobom-Schnegg, et a l . ,  1970). T here  

is  a lso  a  requ irem ent fo r host cell DNA synthesis which need not be 

typical ce llu la r syn thesis during the f i r s t  8-12 hours of the v ira l re p li­

cation cycle (Bader, 1967; Tem in, 1967; Yoshikura, 1968). Cell d ivi­

sion is  requ ired  fo r v ira l expression  (M urray & Tem in, 1970) and con­

tinued v ira l rep lica tion  req u ire s  a  functioning DNA at a ll tim es a fte r  in ­

fection . F or exam ple, inhibition of tran sc rip tio n  by actinom ycin D w ill 

inhibit oncogenic RNA v iru s rep lica tion  (Yoshikura, 1968; B ases andKing, 

1967). V iruses which a re  not re la ted  to the oncogenic RNA v iru ses  do not have 

such requ irem en ts (Bader, 1967; B ases and King, 1967; Hobom-Schnegg,
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et a l . , 1970).

A m odel which would sa tis fy  a ll of the requ irem en ts of the ex p e ri­

m ental data previously  d iscussed  was proposed by Tem in (1964; 1971).

It postulated the tra n s fe r  of the inform ation res id en t in the v ira l  RNA 

to  a newly synthesized DNA copy which would upon in tegration into the 

host genome se rv e  as a tem plate  for the synthesis of v ira l RNA. Such 

a m odel im plies the existence of an enzyme capable of synthesizing DNA 

from  an RNA tem plate - an RNA dependent DNA polym erase.

T em in and M izutani (1970) discovered th is  enzym atic activ ity  residen t 

in the v irions of RSV. Baltim ore (1970) independently discovered  a s im ila r 

enzym atic activ ity  in RLV. Because the input is single stranded , an early  

in term ediate  should be an RNA :DNA duplex. Speigelman et a l, (1970) r e ­

ported finding such an in term ediate  in th e ir incubation m ix tu res a fte r 20 

m inutes. Examination of the incubation m ixture a fte r no fu rth e r increase  

in the incorporation of tr itia ted  thymidine into an acid insoluble polym er 

w ere  detected (2-6 hours) d isclosed  the p resence  of sho rt (5-8S) pieces 

of double stranded  DNA (M izutani et a l, 1970). T his re su lt suggests the 

p resence  of a DNA dependent DNA polym erase activ ity  in the v irion  in 

addition to  the RNA dependent DNA polym erase, and th is activ ity  was r e ­

ported  by M izutani et a l. (1970).

R ecen tly , the  purification of an RNA dependent DNA polym erase 

from  AMV was repo rted  (Kacian, et a l . , 1971). The purified enzym e 

p repara tion  had the ability  to  u tilize  v ira l RNA, native DNA o r synthe-
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tic  hom opolym er duplexes as te m p la te s . In addition, it was found 

that the enzyme w ill accept genetically  unrela ted  RNA m olecules as 

tem plates (Speigelman, et a l . ,  1971. A pparently the sequence of steps 

from  input v ira l RNA to  double stranded  DNA is  m ediated by one enzy­

m atic en tity .

Mitzutani and cow orkers have a lso  dem onstrated  the presence of 

an endonuclease (M itzutani, et a l . ,  1970), an exonuclease and a DNA 

ligase (M itzutani, et a l . ,  1971) in RSV. The v irions of RSV and p e r­

haps o ther m em bers of the oncogenic RNA v iru se s , appear to  contain 

a ll of the enzym atic m achinery n ecessa ry  for the tran sla tio n  of the in ­

form ation  residen t in the v ira l RNA into double stranded  DNA and p e r­

haps subsequent incorporation  of the DNA into the host genom e. How­

e v er, in tegration  of the DNA rep lica  of the v ira l inform ation into the 

host genome has not been definitively dem onstra ted  and th ere  is  s till  

a  g rea t deal that is  unclear about the steps leading from  the synthesis 

of double stranded , v iru s coded DNA to  the final assem bly  of the intact 

v irio n .

M aturation and re le a se  of progeny . Im m unofluorescence studies 

indicate that the gs antigen is  synthesized in the nuclei of spleen cells 

of infected m ice (Rapp and F riend , 1963) or the pe rinuc lear a re a  of 

FLV infected MEF (Osato, et a l . ,  1964). The v ira l  antigen is  then seen  

to  move into the cytoplasm  at subsequent t im e s . In the E .M . studies 

the m em brane and the nucleoid of the p a rtic le  f i r s t  appear at e a rly  

stages of budding and the blebbing envelope is  continuous with the cell
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m em brane (Bader, 1969). Infectious p a rtic le s  a re  com pleted by a bud­

ding p rocess during which the envelope is  acquired from  the plasm a 

m em brane of the infected cell (DeHarven and F riend , 1960). O ther 

than the budding p a rtic le s , no s tru c tu re s  can be seen  which can be iden­

tified  as v irus specific  and which can be shown to be part of the re p li­

cation p rocess (Bader, 1969).

The k inetics of in tra ce llu la r  synthesis has been studied for se v e ra l 

oncogenic RNA v iru s e s . Infectious v iru s can be detected in the tissu e  

culture fluid of M EF cu ltu res d irec tly  infected with RLV (Schlom, et 

a l . ,  1971) and budding from  the thymus of FLV infected m ice (DeHarven 

and F riend , 1965) a s  ea rly  as 24 hours a fte r exposure to the v iru s . 

Bader (1966) and Hanafusa and Hanafusa (1966) repo rted  a  minimum in ­

te rv a l of 8 hours between in itia l infection with RSV and the appearance 

of infectious progeny.

Studies using cu ltu res p e rs is ten tly  infected with Rich V irus (Okano 

and Rich, 1969) and RLV (Bader, 1970) appear to  indicate that synthe­

s is  of v ira l RNA req u ire s  about one hour and that synthesis of com pleted 

infectious v irions req u ire s  about two h o u rs .

Attenuation of tis su e  culture passaged v iru s . DeHarven and 

F riend  (1966) repo rted  that v iru ses  harvested  from  chronically  infected 

long te rm  suspension cu ltu res , w ere highly immunogenic, but only 

weakly leukem ogenic. S im ilar lo sses  in leukem ogenicity have been r e ­

ported by Moore (1963), B arski and Youn (1966), and W right and 

L esfargues (1966). These investigato rs repo rted  that v iru ses passaged
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in tis su e  culture undergo " attenuation” or reduction in leukemogenic 

potential.

Recent papers by Schlom, et a l. (1971) and Yoshikura, e t al.(1969), r e ­

port that RLV and FLV lose leukem ogenicity, but not infectivity  as 

judged by th e ir  ability  to  act as ’h e lp e rs '’ for defective MSV (Fischinger 

and O’Connor, 1968). Schlom, et a l. (1971) rep o rt that attenuation is  

detectable a fte r only one passage in tissu e  c u ltu re . This suggests that 

RLV and FLV which a re  closely  re la ted  v iruses that e ith e r (a) a re  

m ix tures of leukemogenic and nonleukemogenic v irions o r (b) that p ass­

age in tis su e  culture converts the leukemogenic population used as an 

inoculum into a nonleukemogenic population.

In the p resen t studies fu rth er inform ation on the effects of FLV in ­

fection upon m acrom olecular syn thesis, cell m ultiplication and upon 

the k inetics of v ira l rep lica tion  is  provided. The data  to  be described  

indicate that:

1. infection of M EF-2 with FLV re su lts  in an in c rease  in the ra te  
of DNA synthesis which is  not accom panied by an in c rease  in the ra te  of 
RNA and pro tein  synthesis;

2 . the observed in crease  in DNA synthesis is  at least in part the 

re su lt of an in crease  in the num ber of cells in the population which syn­
thesize  DNA;

3. the in c rease  in the ra te  of DNA synthesis observed in FLV in ­

fected  M EF-2 may occur in the absence of cell m ultiplication;

4 . ce lls  infected with FLV have a significantly sh o rte r  T than 
uninfected ce lls , i . e . ,  fa s te r  m ultiplication ra te ;

5. infected ce lls  grow to  g re a te r  population densities in tissue  
cu ltu re  than uninfected cells;

6. the tim e requ ired  for infected cells  to  tra v e rse  the G1 and S
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phases of the cell cycle is  reduced in FLV infected cells;

7 . M EF-2 can be productively infected by FLV . The tim e course 

of v irus production w ill be described;

8 . the v irus re leased  is  attenuated, i . e . ,  nonleukemogenic in 
m ic e .
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II. MATERIALS AND METHODS 

T issue  C ulture Media

Dehydrated basal medium (Eagle, 1959) with E a r le ’s balanced sa lt 

solution (E arle, 1943), diluted with g lass d istilled  w ater, s te r iliz e d  by 

m em brane filtra tio n  (BME) and supplem ented with 10% fe ta l calf se rum  

(FCS) (BME10FCS) was em ployed fo r the propagation of p rim ary  and 

secondary mouse em bryo fib rob lasts  and XC cells (see section  on 

T issue  C u ltu re ).

M cCoy's 5A (modified) medium  (McCoy, et a l . ,  1959), supplem en­

ted  with 15% FCS (McC15FCS) was employed fo r the propagation of 3T3 

cells (see section  on T issue  C u ltu re ).

The FCS, dehydrated BME and McCoy's 5A (modified) medium 

w ere obtained from  Grand Island Biological Company, Grand Island,

N .Y .

All m edia contained penicillin  (250 units/m l), strep tom ycin  (0.2 

mg/ml) and m ycostatin  (50 u n its /m l).

T issue  Culture

P rim ary  mouse em bryo fib rob last cu ltu res (MEF-1) w ere p repared  

according to the method described  by H artley , e t a l .  (1965) from  the 

em bryos of National C ancer Institu te  (NCI) o r random -bred  Swiss 

m ice obtained from  Taconic F a rm s (Germantown, N .Y .) . B riefly, 10-13 

day old em bryos w ere obtained by C aesarian  section and the heads and
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lim bs rem oved . The c a rc a sse s  w ere then washed with m am m alian 

R inger’s solution (Abbott L abo ra to ries , N. Chicago, 111.) and minced 

w ith s c is s o r s .  C ellu lar suspensions w ere then p repared  by incubating 

the m inced tis su e s  with 50 m l of 0.25% trypsin  (Diffco 1:250) in 

H ank's balanced sa lt solution (calcium  and m agnesium  free) (HBSS-CMF) 

(Grand Island Biological Company, Grand Island, N .Y .) in a try p s in i-  

zation flask  (Bellco) equipped with a  teflon coated m agnetic s t ir r in g  bar 

(ca. 180 rpm ) at 37°C. The f i r s t  aliquot of try p s in -ce ll suspension was 

decanted through s te r ile  gauze into a  50 ml s te r ile  g lass conical cen tri­

fuge tube containing 1 m l of FCS. An amount of fre sh  0.25% try p s in  in 

HBSS-CMF equal to the aliquot decanted was added to  the trypsin ization  

f la sk . The incubation was continued fo r an additional 30 m inutes and the 

resu lting  try p s in -c e ll  suspension was collected in the sam e m anner as 

described  fo r the f i r s t  aliquot of try p s in -c e ll  suspension . In general, 

the second aliquot of try p s in -ce ll suspension was used as a sou rce  of 

c e l l s .

The cell concentration of the try p s in -ce ll suspension was determ ined  

with a  hem acytom eter and the ab ility  of the ce lls  to exclude trypan  blue 

was used a s  a m easure  of th e ir  v iability  (Blaker, et a l . ,  1971). The 

ce lls  w ere seeded into BME10FCS at a  concentration of 4 x 10^ viable 

cells per m l. P rim ary  cu ltu res w ere usually planted in 40 ml of 

BME10FCS in 32 ounce p rescrip tio n  bottles o r in 20 m l of BME10FCS 

in 75cm 2 p lastic  tis su e  culture bottles (Falcon P la s t ic s ) . The bottles 

w ere then gassed  with 5% COz in a ir  and incubated at 37°C until the
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m onolayers w ere confluent (usually 5-6 days).

Secondary mouse em bryo fib rob last cu ltu res (M EF-2) w ere  p re ­

pared  by d ispersing  confluent p rim ary  mouse em bryo fib rob lasts  with 

0.25% try p s in  in HBSS-CMF and thaiseeding the resu lting  ce llu la r 

suspension in BME10FCS. M EF-2 m onolayer cu ltu res w ere used 

routinely  in  these experim ents except w here otherw ise specified .

The 3T3 ce lls  (Todaro and G reen, 1963), an estab lished  line de­

veloped from  random  bred  Swiss mouse em bryos with a confluent 

density of 10® cells  per 50 mm petri dish w ere the kind gift of D r. C. 

B asilico . They w ere grown in m onolayer culture in 75cm 2 p lastic  

tis su e  culture flasks (Falcon P lastic s) containing 20 m l of McC15FCS. 

The 3T3 ce lls  w ere subcultured  every  th ird  o r fourth  day by d isp e rs ­

ing the m onolayer with 0.25%  try p sin  in HBSS-CMF and seeding the 

resu lting  ce llu la r suspension in  20 m l of McC15FCS at 5 x 10^ cells 

pe r m l .  When used in the m ixed culture cytopathogenicity a ssay  

(Element, e t a l . ,  1969), they w ere seeded into 6cm p lastic  tis su e  culture 

d ishes (Falcon P lastics) containing 4 ml of McC15FCS at 5 x 10^ cells 

per ml and incubated. *

The XC ce lls , an estab lished  ra t  tum or cell line orig inally  induced 

by the P rague s tra in  of RSV (Svoboda, e t a l . ,  1963), used in these  a ssay s 

w ere grown in m onolayer cu lture in 75cm 2 p lastic  tissu e  culture flasks 

containing 20 m l of McC15FCS. They w ere subcultured every  th ird  o r

T his and a ll subsequent incubations w ere c a rr ie d  out in hum idi­
fied  5% C 0 2 in  a ir  a t 37°C un less otherw ise noted.
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fourth day by d ispersing  the m onolayer with 0.25% trypsin  in HBSS- 

CMF and seeding the resu lting  ce llu la r suspension at 5 x 10^ ce lls  

p e r ml into 75 cm 2 p lastic  tis su e  culture flasks containing 20 m l of 

McC15FCS.

Radioactive P re c u rso rs

3
(Methyl- H) Thymidine (specific activ ity  1 .9  Ci/mM) was pu r-

3
chased from  Schwarz B io research , Orangeburg, N .Y . (SBR) ( H-TdR). 

3
5- H -U ridine (specific activ ity  21 .0  Ci/mM) was purchased from

SBR (3H-UR).
3

(4 ,5- H (n))-1-leucine (specific activ ity , 38.5 Ci/mM) was pur-
3

chased from  New England N uclear C o rp ., Boston, M ass. ( H -leu).

V irus Stock

The FLV used in these experim ents was obtained by inoculating 

random ly bred  Swiss m ice (Taconic F arm s) in traperitoneally  (IP) with 

0 .2  ml of leukem ic sp leen  f iltra te  p repared  as described  previously 

(Friend, 1957). A fter 7 days the blood of the inoculated m ice was 

collected  from  the ax illa , im m ediately  diluted 1:1 with m am m alian 

R inger's  solution (Abbott L abora to ries) containing 4 units of heparin  

(Upjohn) per ml and was chilled in  i c e . The pooled, diluted blood was 

f i r s t  centrifuged a t 1500 rpm  fo r 10 m inutes at 4°C. The plasm a was 

then decanted, f ilte re d  through a 0 .45  m icron m em brane f ilte r  (M illi- 

pore) and then f ilte re d  through a 0 .22 m icron m em brane f ilte r , sealed
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in g lass am poules and s to red  at -78°C until used .

W here denatured FLV (D-FLV) was requ ired  in these  experim ents 

FLV was heated in a w ater bath for 40 m inutes at 56°C.

In Vivo V iral T itra tion

Sam ples w ere t ite re d  by incoulating 0 .2  m l of each s e r ia l  10-fold 

(whole log) dilution IP  into groups of 5 Swiss m ice . The inoculated 

m ice w ere periodically  exam ined for the development of leukem ia. 

Splenomegaly was used as the m ajor indicator of leukem ia and was de­

term ined  by wet spleen w eight. At the end of eight weeks any mouse 

with a spleen'w eight-of 600 mg o r m ore was considered positive 

(Moore, 1963). Selected spleen, liv e r and s te rn a l sections w ere ex­

am ined h isto logically  throughout the course of th is study. The v ira l 

t i te r  was calculated  according to  a  m odification of the method of Reed 

and Meunsch (Friend, 1959).

Cell free  supernatant tissu e  culture flu ids as well as pooled plasm a 

v iru s sam ples w ere tite re d  as described  above.

In V itro  V ira l T itra tion

The presence of FLV in various sam ples of pooled plasm a o r ce ll- 

free  tissue  culture fluid was a lso  determ ined by a m odification of the 

m ixed-culture cytopathogenicity te s t as  described  by Klement, et a l . ,  

(1969).



25

The titra tio n  was perform ed as follows: 6 cm plastic  tissue  cul­

tu re  d ishes containing 4 ml of McC15FCS w ere seeded with 2 x 10® 3T3 

cells and the d ishes w ere incubated for 24 h o u rs . An o rd e r to  enhance 

the efficiency with which the 3T3 ce lls  could be infected, the tissue  

culture medium  in each plate was rem oved and rep laced  with 2 m l of 

McC15FCS containing 0.050 mg of d iethylam inoethyl-dextran (DEAE-D) 

(Pharm acia) of m olecu lar weight ca . 2 x 10® and retu rned  to  the incu­

bator for one hou r. The DEAE-D was decanted and the ce ll sheets 

washed with McCoy’s m edium . Duplicate p lates were inoculated with 

0 .2  ml of the sam ple to  be tes ted  fo r the presence of v irus and re tu rned  

to  the incubator. A fter 30 m inutes, 4 m l of McC15FCS was added to 

each dish and the d ishes re tu rned  to  the in cu b a to r.

On the fourth  day, the dishes w ere subcultured  by detaching the cell 

sheet from  each tis su e  culture dish with 1 m l of 0.25% try p sin  in HBSS- 

CMF and adding 0 .5  m l of tissue  culture suspension to  each  fresh  tis su e  

dish containing 3 .5  m l of McC15FCS. A fter five or six  days fu rther in ­

cubation, the tissu e  cu ltu re  fluid was rem oved and sev e ra l longitudinal 

s tr ip s  sc raped  out of the cell sheet with a  s te r ile  wooden s tick . The 

plates w ere then overlayed with 10® fresh ly  trypsin ized  XC cells and 

4 ml of McC15FCS added. The p lates w ere  then re tu rned  to  the incu­

bator and exam ined fo r syncytium  form ation  two and four days a fte r the 

plates w ere overlayed with XC c e lls .

When the cu ltu res  showed evidence of syncytium  form ation  on ex­

am ination with the inverted  m icroscope, the tissu e  culture fluid was
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decanted, the p lates fixed fo r 10 m inutes with absolute m ethanol and 

stained  with H a rr is  Hematoxylin (F ish er S c ien tific ). P la tes showing 

syncytium  form ation  w ere sco red  as positive (Figure 1) and the t i te r  

was calculated by the method of Reed and M eunsch (1938). The t i te r  

w as rep o rted  a s  the 50% tissu e  cu lture infective dose (TCID50) (see 

legend to  F igure 14).

M acrom olecular Synthesis

3 3 3The extent of incorporation  of H-TdR, H-UR or H -leu into 5%

TCA precip itab le  radioactive m a te ria l during a one-hour in te rval was 

used as a  m easure  of the ra te  of DNA, RNA o r protein  syn thesis r e ­

spectively  (Schneider, 1945).

1.5 x 10® viable M EF-2 ce lls  w ere seeded into 10 cm plastic  

tissue  culture d ishes each containing 15 m l of BME 10FCS and incubated 

fo r 72 h o u rs . The supernatant medium  was rem oved and 1 ml of FLV, 

D-FLV, o r BME10FCS and 4 m l of BME10FCS added. The p lates w ere 

allowed to incubate fo r 90 m inu tes. The supernatan t fluid was rem oved, 

rep laced  with f re sh  BME10FCS and re tu rned  to  the incubato r. T h is was 

considered  ze ro  tim e post infection (P I). At various tim es PI cu ltu res 

w ere sam pled in tr ip lica te  and the extent of the incorporation  of rad io ­

activ ity  following a one-hour pulse determ ined  as follows:

A fter the d e s ired  incubation period, the tis su e  cu ltu re  fluid was r e ­

moved and 5 m l of f re sh  BME 10FCS containing 2 m ic ro cu ries  (jnCi) per 

m l of the appropria te  radioactive p re c u rso r  w as added to  each p la te .
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The p lates w ere incubated fo r  one hou r. The medium was then decanted 

and the cell sheet washed with BME (where the ra te  of DNA synthesis 

w as determ ined, 5 m l of BME supplem ented with 0 .05  mg per m l of 

thymidine was added to  each plate and the p lates allowed to  incubate for 

10 m inutes). The cell sheets w ere washed tw ice with BME, scraped  

from  the culture p lates with a  rubber policem an and suspended in 5 ml 

of BME. The ce llu la r suspension was tra n s fe rre d  to  a 12 m l heavy 

walled conical centrifuge tube and the procedure continued at 4°C unless 

o therw ise noted. An equal volume of 10% tric h lo ra ce tic  acid (TCA) was 

added. A fter 10 m inutes the resu lting  p rec ip ita te  was collected by cen­

trifugation  at 2000 rpm  fo r 10 m in u te s . The prec ip ita te  was washed 

tw ice in 2 ml of 5% TCA and once in  e thano l-e ther (1:1). In o rd e r to  

m inim ize nucleic acid in te rfe rence  in determ inations of the ra te  of 

p ro tein  syn thesis the 5% TCA precip ita te  was heated to  90°C fo r 10 

m inutes in a  w ater bath before washing with 5% TCA. A fter each wash 

the p recip ita te  was collected  by centrifugation at 2000 rpm  fo r 5 m inutes 

and the supernatant fluid d iscard ed .

1 ml of 0.2N  NaOH was then added to  the washed p rec ip ita te . A fter 

24 hours of incubation at room  tem p era tu re , 0 .5  m l of the resu lting  

solution was added to  20 m l of a sc in tilla ting  fluid (DND) (Beckman 

Instrum en ts, 1967) containing:

2, 5-Diphenyloxazole (PPO)
Naphthalene

Dioxane to

5 .0  g

100.0 g
1000.0 mi
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and counted in a Beckman LS250 sp e c tro m e te r. The counting efficiency 

was 44%.

Pro te in  D eterm ination

P ro te in  determ inations w ere made according to  the method of 

Lowry, et a l .  (1951) using bovine serum  album in (F raction  V, Pentex) 

as the standard .

D eterm ination of the P ercen t of the Cell Population 

Engaged in DNA Synthesis

The proportion  of the cell population engaged in DNA synthesis 

(Labeling Index)(LI) was determ ined  in the following m anner:

S te rile  g lass 22mm2 coverslip s w ere placed into 3-5 cm plastic  

tis su e  cu ltu re  d ish e s . Each dish was then seeded with approxim ately 

10® M EF-2 cells  in 2 ml of BME10FCS and the p lates incubated for 72 

h o u rs . The tissu e  culture m edium  was then rem oved and 0 .2  m l of FLV, 

D-FLV or BME10FCS was added followed by 1.8 m l of BME 10FCS. The 

p lates w ere re tu rn ed  to  the incubator fo r 90 m inu tes. The supernatant 

fluid was then rem oved and rep laced  with fre sh  BME10FCS and again 

placed in the incubato r. T his was considered  z e ro  tim e PI. At various 

tim es PI, the tissu e  culture m edium  w as decanted from  tr ip lica te  cul­

tu re s  and 2 m l of f re sh  BME10FCS containing 2/xCi/ml was added to
3

each c u ltu re . The p lates w ere incubated fo r one h o u r . The H-TdR 

containing medium w as then decanted and 2 ml of BME10FCS supple­

m enting with 0 .1  mg of unlabeled thym idine was added to  each c u ltu re .
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The cu ltu res w ere re tu rn ed  to  the incubator fo r 10 m in u tes . The su p e r­

natant fluid was rem oved and the p lates w ere washed twice with cold 

BM E. The co v erslip s  w ere  fixed fo r 20 m inutes in absolute m ethanol, 

a ir  d ried  and cem ented with H arleco  Synthetic R esin (Scientific Supply 

C o.) to  clean 1 x 3” m icroscope slides with the cell m onolayer up.

A fter the cem ent had d ried  the s lid es w ere washed twice with absolute 

m ethanol, a ir  d ried , dipped in  darkness in undiluted NTB-2 nuclear 

trac k  em ulsion (Kodak). The em ulsion was a ir  d ried  and exposed fo r 

an appropria te  length of tim e (generally 4-7 days), in a light-tight box. 

The s lid es  w ere developed in D19 developer (Kodak) fo r th ree  m inutes 

and fixed in Kodak fixer fo r th ree  m in u te s . The s lid es  w ere a ir  d ried  

and sta ined  with H a rr is  Hem atoxylin (F isher Scientific C o .) . Randomly, 

at lea s t 500 in te rphase  nuclei w ere exam ined on each s l id e . E very  in ­

te rp h ase  nuclei over which 5 o r m ore g ra in s w ere seen, was considered  

rad io labeled . The labeling index was the percentage of labeled nuclei in 

the sam ple counted.

When experim ents w ere undertaken which requ ired  sta tionary  cu l­

tu re s , such cu ltu res w ere produced as described  in the S tationary
3

C ultures below . The H-TdR was added to  the cu ltu res in BME.

Cell Growth

3 .5  cm p lastic  tis su e  culture d ishes containing 2 ml of BME15FCS 

w ere seeded with 10^ viable M EF-2 c e lls . A fter 24-48 hours incuba- 

tion, the m edium was decanted and 0 .2  m l of FLV, D-FLV o r BME10FCS
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was added, followed by 1.8 ml of fre sh  BME10FCS. A fter 90 m inutes 

of incubation the inocula w ere decanted and rep laced  with an equal 

amount of f re sh  BME10FCS. T his was considered ze ro -tim e  P I. At 

various tim es th e re a fte r , tr ip lica te  sam ples of v irus inoculated and 

contro l cu ltu res w ere rem oved from  the incubator and the su p e r­

natant fluid from  each plate t ra n s fe r re d  to  an individual tu b e . Each 

plate was rin se d  with 1 ml of 0.25% try p sin  in HBSS-CMF. The try p sin  

solution was rem oved and added to  the appropria te  tes t-tu b e  containing 

the supernatant flu id . 1 ml of fre sh  try p sin  solution was again added 

to  each p la te . The p lates w ere incubated for 5 m inutes and the rem a in ­

ing cells detached from  the plate with a rubber policem an. Finally, 

the ce llu la r suspension was tra n s fe r re d  to  the app ropria te  te s t tube 

with a P a s te u r pipette and the ce llu la r suspension counted with a  hem a­

cy tom eter. The ability  to  exclude trypan-blue was used  as a m easure  

of th e ir  v iab ility .

The tim e requ ired  fo r the cell population to  double (doubling tim e) 

during the logarithm ic phase of growth was considered  equivalent to  

the generation  tim e (T) since a  very  sm a ll percentage of the population 

was found to  be nonviable during these  determ inations (C leaver, 1967). 

The num ber of ce lls  per plate at 72 hours PI is  re fe r re d  to  as the 

"m axim um  ce ll density" (MCD).

Cell Cycle A nalysis

The duration of the individual phases of the cell cycle w ere m ea­

su red  according to  the method of S tanners and T ill (1960).
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M EF-1 ce lls  were seeded in 6 cm  p lastic  tissu e  culture d ishes at

10® cells  per m l in 4 m l of BME10FCS and incubated fo r 24 ho u rs . The

tissue  culture fluid was decanted and 0 .5  m l of FLV, D-FLV or

BME 10FCS added to  each p la te . 4 m l of BME 10FCS was added to each

plate and the p lates re tu rned  to  the incubator for 90 m in u tes . The

supernatant fluid was rem oved and rep laced  with 4 m l of BME10FCS to 
3

which 1 juCi of H-TdR had been added. T his was considered  zero  

tim e . At hourly in te rvals  th e re a fte r , tissu e  culture dishes w ere r e ­

moved from  the incubator and the fluid and ce lls  from  each plate 

harvested  as previously described  in the section  Cell Growth. Slides 

w ere p repared  from  the ce llu la r suspension with the aid of a cy tocentri- 

fuge (Shandon). Approxim ately 5 x 10^ ce lls  in  0 .3  m l of BME 10FCS 

w ere used to  p repare  each s l id e . The s lid es w ere then fixed fo r 20 

m inutes in absolute alcohol m ethanol, washed twice with absolute 

m ethanol, a ir  d ried  and dipped in darkness in NTB-2 nuclear track  

em ulsion (Kodak) and s to red  in a ligh t-tigh t container at 4°C fo r 10 days. 

The slides w ere then developed and fixed as described  in Cell Growth 

section  (page 29-30), and sta ined  w ith H a rr is  Hem atoxylin.

The duration of m itosis was calculated from  the generation  tim e 

and the average m itotic index (see Appendix A ). The percentage of 

ce lls  in m itosis (Mitotic Index) (MI) w as determ ined  by counting e 

num ber of cells showing a  single group of c lea rly  d iscern ib le  chronu 

som es in the absence of a  nuclear m em brane per 100 ce lls  counted.

One thousand ce lls  w ere counted in each  de term ina tion .



32

The duration of G-2 (T-G2) was determ ined from  counts of the
3

percentage of m itoses which w ere  labeled with H-TdR as determ ined 

by autoradiography. F ifty  m itoses were usually  exam ined and any cell 

over which five o r m ore g ra in s  w ere seen  w as considered  to  be labeled . 

Labeled m itoses curves w ere m ade by plotting the percent of labeled 

m itoses on the ordinate and tim e on the a b c issa . The T-G2 was e s t i ­

mated by plotting the f i r s t  derivative  of the labeled m itosis c u rv e s . The 

time a t which the peak of the derivative curve occu rred  was repo rted  as 

the m odal T -G 2. The duration  of S phase w as determ ined as follows: 

The LI was determ ined  at hourly in te rv a ls  and the values obtained 

were plotted ve rsu s t im e . The Y in tercep t of the line thus described  

was determ ined  by lin ear reg re ss io n  analysis (Hill, 1966). The value 

obtained for the Y in te rcep t was taken as the L(t) c o r r .  (Stanners, J .  

personal com m unication). (The L(t) c o r r .  is  the percentage of labeled 

cells tha t would have been observed had no ce ll division taken place and 

the labeling had been in stan taneous.) The length of S phase was then 

calculated by in serting  the experim ental values obtained into the equa­

tion:

(1) S = (T/ln2) (L(t) c o r r .  + e exp ln2G2/T] - G2

The duration of G1 was obtained by d ifference .

S tationary  C ultures

When sta tionary  cu ltu res w ere  requ ired  they w ere produced as 

follows: 48-72 hours a fte r  subcultu re , the supernatan t tissu e  culture
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fluid was rem oved from  the M EF-2 cu ltu res and rep laced  with BME. 

The BME was rep laced  every  second day fo r 5 o r 6 days, a t which 

tim e the cu ltu res w ere judged to be sta tionary  by ce ll coun ts.

E lectron  M icroscopy

The e lec tron  m icroscopic  exam ination of FLV infected M EF-2 was 

done by D r . E . DeHarven of the Sloan-K ettering Institu te fo r Cancer 

R esearch . The cu ltu res w ere fixed in glutaraldehyde and post-fixed 

in osm ium  tetrox ide before ethanol dehydration and embedding in Epon. 

U ltra-th in  sections cut with a diamond knife were stained  with uranyl 

ace ta te , post-sta ined  with lead hydroxide and viewed in a Siem ens 

E lm skop I e lec tron  m ic ro sco p e .
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m .  RESULTS 

M acrom olecular Synthesis

DNA Synthesis
3

The extent of incorporation  of a one-hour pulse of H-TdR into 

TCA precip itab le rad ioactive  m ate ria l was taken as a com parative m ea­

su re  of the ra te  of DNA synthesis in M EF-2 cu ltu re s . The ra te  of DNA 

syn thesis was m easured  at 1, 4, 24, 48, 72, and 96 hours post infection 

(PI) and the re su lts  rep o rted  in cpm per mg pro tein .

The data from  a ty p ica lex p erim en t a re  shown in tex t figure 2. The
3

ra te  of incorporation  of H-TdR into DNA appears to  reach  a  maximum 

within 24 hours in both experim ental and contro l c u ltu re s . At 24 and 

48 hours the ra te  of DNA synthesis is  significantly  g re a te r  in FLV- 

tre a te d  cu ltu res than in  e ith e r of the contro ls (p^iO .05)*  (Hill, 1966).

Text figure  3 com pares the ra te  of DNA syn thesis in FLV and D- 

FLV trea te d  cu ltu res as a percentage of the ra te  of DNA synthesis ob­

se rv ed  in un trea ted  contro l c u ltu re s . The data re p re se n ts  the average 

of at least th ree  experim en ts (including the data in tex t figure  2) in 

which th e re  w ere tr ip lica te  sa m p le s . The ra te  of DNA syn thesis in 

FLV trea te d  cu ltu res is  161% of uninfected control at 24 hours ( p < 0.002) 

and 202% of uninfected contro ls at 48 hours (p< 0 .0 3 ). T h is stim ulation  

of DNA syn thesis, which is  not seen  in cu ltu res  tre a te d  with D-FLV 

appears  to  be due to  v iru s a c tio n .

* T his, and all succeeding ’p" values w ere determ ined  by 
s tu d en t's  ” t M te s t  (Hill, 1966).
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RNA Synthesis
3

The extent of incorpora tion  of a one-hour pulse of H-UR into TCA 

precip itab le  radioactive m a te ria l was taken a s  a  com parative m easure  

of the ra te  of RNA syn thesis in M EF-2 cu ltu re s . The ra te  of RNA 

synthesis was m easured  at the sam e tim e in te rv a ls  used fo r DNA and 

the data rep o rted  as cpm per mg p ro tein .

The data from  a typ ica l experim ent a re  shown in  text figure 4.
3

The ra te  of incorpora tion  of H-UR appears to  decline throughout the 

experim en tal period  and no significant difference in the ra te s  of in co r­

poration of p re c u rso r  between the values obtained from  experim ental 

and contro l cu ltu res  is  seen  during the experim ental period (p> 0 .0 5 ).

Text figure 5 com pares the ra te  of RNA syn thesis in FLV and D- 

FLV tre a te d  cu ltu res as a percentage of the ra te  of RNA synthesis in 

uninfected contro l c u ltu re s . The data re p re se n t the average from  

tr ip lic a te  sam ples of at lea s t th ree  experim en ts (including the data  

from  tex t figure 4). The ra te  of RNA syn thesis in experim ental and 

contro l cu ltu res is  not significantly  d ifferen t.

P ro te in  Synthesis
3

The extent of incorporation  of H -leu into TCA precip itab le  rad io ­

active m a te ria l during a one hour pulse was taken as a m easure  of the 

ra te  of p ro tein  syn thesis in M EF-2 c u ltu re s . The ra te  of pro tein  syn­

th es is  w as m easured  at 1 ,4 , 24, 48, 72, and 96 hours PI and re su lts  

rep o rted  in cpm per mg p ro te in . Data fo r  a  typ ical experim ent a re  

shown in  tex t figure  6.
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Text figure 7 com pares the ra te  of p ro tein  syn thesis in FLV and 

D-FLV tre a te d  cu ltu res and the re su lts  a re  rep o rted  as a percentage 

of the ra te  of pro tein  syn thesis in the uninfected control c u ltu re s . The 

data rep re se n t the average of th ree  experim ents that w ere sam pled in 

tr ip lica te  (including the data in tex t figure 6).

The data in tex t figu res 6 and 7 show that no appreciable  difference 

in the ra te  of protein syn thesis occurs as a  re su lt of infection with FLV 

(p > 0 .0 5 ) .

Labeling Index

The percentage of ce lls  in the population which displayed nuclear
3

labeling following a one hour exposure to  H-TdR (LI) was determ ined 

fo r FLV tre a te d  M EF-2 cu ltu res , D-FLV trea te d  cu ltu res , and unin­

fected  contro l cu ltu res by au toradiography. The LI was determ ined  

at 1 ,4 ,24 , 48, 72, and 96 hours PI.

The data  fo r a  typical experim ent a re  shown in text figure 8 . Al­

though the LI appears to  reach  a  maxim um  at about 24 hours PI in both 

experim ental and contro l cu ltu res , it appears to  be significantly  g re a te r  

in  FLV tre a te d  than in D-FLV trea te d  o r  un trea ted  ce lls  (p< 0 .005).

Text figure 9 com pares the LI in  FLV and D-FLV tre a te d  cu ltu re s . 

The data obtained from  th ree  experim en ts, each with tr ip lica te  sam ples, 

including that which appears  in tex t figure 8, a re  exp ressed  as a p e r­

centage of the LI observed in un trea ted  contro l c u ltu re s . The LI in 

FLV tre a te d  cu ltu res was 171% of un trea ted  contro ls at 24 hours PI
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and 159% of un trea ted  con tro ls at 48 hours PI (p < 0 .05 ). Since a  s ig ­

nificant in crease  in the num ber of ce lls  synthesizing DNA was not seen 

in cell cu ltu res exposed to D-FLV when com pared with un trea ted  con­

tro ls , active v irus appears to  be n ecessa ry  fo r stim ulation .

In o rd e r to  determ ine w hether s im ila r  effects on the LI w ere en­

countered in ce ll cu ltu res which w ere not actively  dividing, " resting" 

cells w ere p repared  according to the method described  on page 20 

(Tissue C ulture Media) and the effect of FLV and D-FLV on the k ine­

tic s  of the LI in these  " res tin g "  cu ltu res was determ ined . The data 

fo r a typical experim ent a re  shown in text figure 10. The LI appears 

to reach  a maximum at about 24 hours PI in both infected cu ltu res and 

c o n tro ls . The LI, however, is  significantly g re a te r  in FLV infected 

cell cu ltu res than in  con tro ls (p < 0 .0 5 ).

In text figure 11 the LI of FLV and D-FLV trea te d  "res tin g "  cul­

tu re s  a re  com pared . The data  from  th ree  experim ents, each sam pled 

in tr ip lica te , including the data  in tex t figure 10, a re  exp ressed  as a 

percentage of the LI observed  in un treated  control c u ltu re s . The LI 

in FLV exposed cu ltu res was 277% of control (p< 0.001) at 24 hours PI 

and 216% of contro l a t 48 hours PI (0.05 < p< 0 .10 ). Active v irus again 

appears to be n ecessa ry  for th is  response a lso  since an in crease  in  the 

LI was not seen  in the control c u ltu re s .

C ell Growth

G eneration Tim e

Cell growth w as followed by counting the num ber of viable cells in
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tr ip lica te  cu ltu res exposed to  FLV, D-FLV , or BME10FCS a t various 

in te rv a ls  P I . The v iable cell counts w ere taken to  be equivalent to  the 

to ta l cell num ber since  few dead cells w ere observed in these cu ltu res 

during the experim ental period; in repeated  autoradiographic ex p eri­

m ents the LI was found to be 95-99% a fte r  24 h o u rs . In these ex p eri­

m ents the tim es req u ired  fo r the cell populations to  double w as d e te r­

mined during the logarithm ic phase of growth (usually after 4 to  6 hours 

P I ) . The tim e requ ired  for the cell population to double during loga­

rithm ic  growth was considered  the generation  tim e (T ). The data  for 

a typical experim ent a re  shown in text figure 12. The average T ob­

ta ined  from  th ree  se p a ra te  experim en ts, each sam pled in tr ip lica te , 

w as 15.8 - 0 .44  hours fo r  FLV tre a te d  cu ltu res; 26 .3  - 2 .3  hours for 

D-FLV  tre a te d  cu ltu res , and 22 .9  - 1.56 hours fo r un treated  cu ltu res 

(Table 1). T fo r FLV tre a te d  cu ltu res  was 67% of the un treated  cu ltu res 

(p <0.02), w hereas T fo r  D-FLV inoculated cu ltu res was 115% of un­

tre a te d  con tro l cu ltu res (p> 0 .2 ) . The experim ents indicate that FLV 

inoculated cu ltu res have a significantly  sh o rte r  T than e ither D-FLV 

inoculated o r  untreated  c u ltu re s .

C ell Density

Since a ll  of the cu ltu res  sam pled in  these  experim ents w ere in 

s ta tionary  phase by 72 hours PI, the cell counts obtained 72 hours a fte r 

trea tm en t w ere  considered  to  be a re la tive  m easure  of the cell densi­

t ie s  in experim ental and control c u ltu re s . Cell densities in FLV
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tre a te d  cu ltu res w ere  significantly  higher than  in D -FLV  inoculated 

cu ltu res when com pared as a  percentage of the uninfected controls 

(p <0 .05) (Table 2).

M ultiplication of "R esting” Cells

Since both T and cell density w ere a lte re d  by trea tm en t with FLV, 

its  effect on p ro life ra tion  of " re s tin g  ’ cells in  se ru m less  m edium was 

stud ied . ’’Resting” cu ltu res w ere p repared  according to the method 

described  in the f i r s t  section  of "Methods and M a te ria ls ."  The cu l­

tu re s  w ere trea te d  w ith FLV, D -FLV , and BME, and the num ber of 

ce lls  determ ined at various tim es subsequent to trea tm e n t. (The num ber 

of dead ce lls  never exceeded 7.5% of the to ta l cell count and was 

usually  ze ro  during the period of the experim en t.) No significant in ­

c rease  in cell num ber occurred  during the 72 hour experim ental period 

(the ce ll population did not double during the experim ent) and no apparent 

d ifferences between the growth ra te  in experim ental and control cu ltu res 

w ere observed during the tim e in which the cu ltu res w ere followed as 

has been found by o th ers  (M urray and Tem in, 1971).

Cell Cycle A nalysis

Since FLV inoculation was found to reduce T, experim en ts w ere 

perfo rm ed  to  determ ine  which segm ents of the  cell cycle w ere affected . 

The duration  of the phases of the ce ll cycle w ere  determ ined  by the 

method of S tanners and T ill as  described  on page 30 (Cell Cycle Analy­

sis) . The data  fo r a typical experim ent a re  rep o rted  in Table 3.
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The duration of G2 (T-G2) and m itosis (T-M) in FLV trea ted  ce lls  

was not found to be significantly  d ifferent from  c o n tro ls .

The duration  of G l (T-G l) w as found to  be 5.28 hours in FLV 

trea te d  M EF-2, 9.78 hours in D-FLV tre a te d  ce lls , and 8.65 hours in 

un treated  c e lls . T herefore  T -G l in FLV tre a te d  cells was 60.5% of 

un treated  contro l and in D-FLV trea te d  ce lls  it w as s im ila r to  (113% 

of) un trea ted  c o n tro ls .

The duration of S-phase (T-S) is  5 .55 hours in FLV trea ted  ce lls ,

11.67 hours in D-FLV trea te d  ce lls , and 9 .67 hours in untreated  c e lls .

T-S in  FLV trea te d  cells is  58% of that in  un trea ted  ce lls , while in 

D-FLV inoculated cells , it is  120% of the value found in untreated 

c o n tro ls .

V irus Production

FLV Infection of M EF-2 C ultures

In o rd e r to  determ ine w hether inoculation of M EF-2 cultures with 

FLV resu lted  in productive infection, subconfluent cu ltu res were inocu­

lated  with FLV, refed  on day 3 and subcultured  on day 7 of each w eek.

Sam ples of ce lls  obtained on the second, seventh, and tw en ty -first 

days PI w ere exam ined under the e lec tron  m icroscope by D r. E . DeHarven 

of the Slaon-K ettering Institute fo r  C ancer R esearch  fo r the presence 

of v iru s . No v iru s was seen  on day 2 o r day 7. The FLV trea ted  21 

day sam ples showed v irus budding from  ce ll m em branes (text figure 13).

No v iru s w as seen  budding from  the con tro ls at 21 days PI.



41

The K inetics of V irus Production

The tim e course of FLV production by M EF-2 ce lls  was d e te r ­

mined by a m odification of the method of K lem ent, e t a l. The ability  

of XC cells to  undergo syncytium  form ation when placed in contact with 

M EF-2 cells inoculated with tissue  cu lture fluids from  FLV trea te d  

cu ltu res, D-FLV tre a te d  cu ltu res , and un treated  cu ltu res was d e te r ­

m ined. Log dilutions of the tissue  cu ltu re  fluids w ere used in  o rd e r to 

determ ine th e ir  t i t e r .  The data in a  typical se t of titra tio n s  of the 

tissu e  culture fluids is  shown in text figure 14.

The 50% tissue  culture infective dose (TCID50) a t each PI period 

was determ ined  by m ethods described  by Reed and Meunsch (1938). 

Briefly, the cum ulative percentage of infected cu ltu res was plotted 

v e rsu s the negative log of the v irus sam ple d ilu tion . The TCID50 was 

then considered  to be the dilution of v iru s which infected 50% of the 

cell cu ltu res (text figure  14).

The TCID50s such as obtained from  text figure  14 w ere plotted 

v ersu s time in  text figure  15. The num ber in paren thesis  ind icates 

the num ber of experim ents perform ed in  which 4 to  6 rep lica te  sam ples 

per point w ere assay ed .

No curve is  shown for e ith e r denatured v iru s  o r uninfected control 

cu ltu res since syncytium  form ation w as not seen  at any dilution of the 

tissue culture fluids from  e ith e r of the contro ls at any tim e P I.

V irus can be detected  in  the medium  harvested  from  FLV trea te d  

cu ltu res as e a r ly  as one hour P I. In c re ases  in v ira l  t i te r  above the
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in itia l values began at som e tim e between one and four hours PI and 

reached  a m axim um  between 96 and 168 hours P I. The t i te r  at 96 

hours PI was 10***9 TCID50s per 0 .2  m l of tissu e  culture supernatan t.

An experim ent was perform ed in which fresh  leukem ic mouse 

plasm a was used as the source of v iru s . The v iru s  p lasm a was 

tite re d  in  m ice by the method of Reed and Meunsch and in tissue  

culture by the m ethod d escribed  by Klem ent, et a l .  The v iru s  yielded 

a  t i te r  in m ice of 10**-5 50% lethal doses (LD50s) per 0 .2  m l and 

10®*3 TC ID s/0.2 m l in v itro  . D enatured v irus and un treated  contro ls 

gave no evidence of the ability  to  prom ote syncytium  form ation .

The ability  of cell f ree  tis su e  culture fluids obtained at various 

tim es PI from  FLV trea te d  and control M EF-2 cu ltu res to  cause 

leukem ia when inoculated in traperitonea lly  into young adult fem ale 

Swiss m ice was investigated . Our data confirm s that of Moore (1963) 

in that tis su e  cu ltu re  v iru s was found to  have low leukemogenic 

potential and to  induce leukem ia spo rad ica lly .



A. Uninoculated Control C ulture.

B. C ulture inoculated with FLV on day 1.

Text F igu re  1. M EF-2 ce lls  12 days a fte r  subculture and two 

days a fte r  addition of XC c e lls . H a rris  Hematoxylin x 100.
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T ext F igu re  1. M EF-2 ce lls  12 days a fte r subcultu re  and 2 days 

a fte r  addition of XC c e lls ,  H arris  Hematoxylin x 100.

A. Uninoculated con tro l cu ltu re.

B. C ulture inoculated with FLV on day 1.
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Text F igure 2 . Rate of incorporation  of H-TdR into M E F-2.

1.5 x 10® M EF-2 ce lls  w ere seeded  into 10 cm p lastic  tis su e  culture

dishes each containing 15 m l of Basal Medium Eagle supplem ented

with 15% F eta l Calf Serum  (BME15FCS) and incubated for 72 h o u rs .

The medium was then decanted and 0 .0  m l F riend Leukem ia V irus (FLV)

titra te  was added to some d is h e s . Other dishes received  e ith e r  v iru s

denatured by heating at 56°C fo r 40 m inutes (D-FLV) or BME15FCS. The

dishes w ere incubated fo r 90 m inutes a fte r which the supernatant w as

rem oved and rep laced  with fre sh  BME15FCS (zero tim e post-in fection).

At 1, 4 ,2 4 ,4 8 , 72, and 96 hours PI the cu ltu res w ere sam pled in t r ip l i -
3

cate and the extent of incorporation  of H-TdR (1.9 Ci/mM, 2/uCi/ml)

into 5% TCA insoluble product during a one-hour pulse was determ ined

as described  in  the M ateria ls and Methods section (page 26).

------------FLV; - .............D-FLV t r e a te d ; ----------. -  BME15FCS tre a te d .

V ertica l a rrow s in a ll figure legends indicate one standard  e r r o r .
/
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3
Text F igure  3 . Rate of incorpora tion  of H-TdR into M E F-2 . The

3
extent of incorporation  of H -TdR  into acid-insoluble product during a 

one-hour pulse was m easured  a s  described  in the legend to  tex t figure 

2 and Methods and M ateria ls sec tion  (page 26). The ra te  of DNA synthe­

s is  in FLV trea te d  and D-FLV tre a te d  M EF-2 ce ll cu ltu res a re  com pared 

as a percentage of the un treated  c o n tro ls . -----------FLV; -  -  -  -  -D -F L V .
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3
Text F igure 4 . Rate of incorporation  of H- UR into M E F-2.

At 1 ,4 , 24, 48, 72, and 96 hours PI the cu ltu res w ere sam pled in tr ip li-
3

c a te . The extent of incorporation of H-UR (21.0 Ci/mM; 2/iCi/m l) 

into acid insoluble product during a  one-hour pulse was determ ined 

as described  in tex t figure 2 and M ethods and M aterials section  (page 

2 6 ) . ---------- F L V ;------------- D -F L V ;------------BME15FCS.
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3
Text F igure 5 . Rate of incorporation  of H-UR into M E F-2 . The

3
extent of incorporation  of H-UR into an acid  insoluble product during 

a one-hour pulse was m easured  a s  described  in tex t figure 3 and in 

the Methods and M aterials section  (page 26). The ra te  of RNA synthe­

s is  in FLV and D-FLV trea ted  ce ll cu ltu res a re  com pared a s  a percen ­

tage of the un trea ted  c o n t r o l s . ------------FLV; - - - - -  —  D -FLV .
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3
Text Figure 6 . Rate of incorporation  of H-LEU into M E F-2 . At

the tim es described  in tex t figure 2 the cu ltu res w ere sam pled in  tr ip -
3

licate  and the extent of incorporation  of H -1-LEU  (38.5 Ci/mM; 2jnCi/ml) 

into hot 5% TCA (90°C fo r 10 m inutes) insoluble, product during a  one- 

hour pulse was determ ined  as described  in  the M aterials and Methods 

section  (page 26). -----------F L V ;-------------D-FLV; BME15CFS.
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3
T ext F igure 7 . Rate of incorporation  of H-LEU into M E F-2.

3
The extent of incorporation  of H-LEU into hot TCA insoluble product 

during a  one-hour pulse was m easured  as d escribed  in the legend to 

text figure  6 . The ra te  of p ro tein  syn thesis in  FLV and D-FLV 

trea te d  ce ll cu ltu res  a re  com pared as a percentage of the untreated  

co n tro ls . ------------FLV; -    D -FLV .
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Text F igure  8 . Effect of FLV and D-FLV on the N uclear Labeling 

Index in M E F -2 . The proportion  of the cell population engaged in DNA 

synthesis w as determ ined  in the following m anner: 10^ M EF-2 cells 

w ere seeded into 3.5 cm p lastic  tissu e  culture d ishes containing s te r ile  

22 cm 2 coverslip s and 2 ml of BME15FCS and incubated for 72 h o u rs . 

The medium was decanted and 0 .2  ml of FLV suspension  was added to  

som e d ish es . O ther d ishes received  0 .2  ml of D-FLV or BME15FCS. 

The d ishes w ere  incubated fo r 90 m inutes a fte r which the supernatant 

w as decanted and rep laced  with fresh  BME15FCS. At the tim e s  indi­

cated in the figure, the cu ltu res w ere sam pled in tr ip lic a te . The cul-
3

tu re  medium  was rem oved and 4juCi of H-TdR in  2 m l of BME15FCS 

was added to  the d ishes which w ere then  incubated fo r one h o u r. The 

ce lls  on the coverslip s w ere then  fixed and percentage of the ce lls  

with labeled nuclei w ere determ ined by radioautography as described

in the M ateria ls  and Methods section  (page 28). ------------FLV;

................ D-FLV; -------------- BME15FCS.
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Text F igure 9. Effect of FLV and D-FLV  on the N uclear Labeling 

Index in M E F-2 . The proportion of the ce ll population engaged in DNA 

synthesis was determ ined in the m anner indicated in text figure  8 and 

in  the Methods and M aterials section  (page 28). The LI in FLV and 

D-FLV tre a te d  cell cu ltu res a re  com pared a s  percentage of the un­

trea te d  co n tro ls . -----------F L V ;------------D -FLV .
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Text F igure 10 . Effect of FLV and D-FLV  on the N uclear Labeling 

Index in "R esting '’ M E F-2. The proportion  of the cell population engaged 

in DNA synthesis in " res tin g "  cu lture w as determ ined  in  the following 

m anner: 10^ ce lls  w ere seeded  into 3 .5  cm p lastic  tissue  culture dishes 

containing s te r ile  22mm2 co v erslip s  and 2 m l of BME15FCS and incu­

bated for 48 to  72 h o u rs . The culture m edium  was then decanted and 

rep laced  with se ru m -fre e  BM E. The se ru m -fre e  medium was replaced 

every  two o r th ree  days fo r five to  six  days, at which tim e the culture 

was judged to  be " re s tin g ."  The m edium  was then decanted and 0 .2  ml 

of FLV was added to some d ish e s . O ther d ishes received  0 .2  m l of 

D-FLV o r se ru m -fre e  BME. The d ishes w ere then incubated for 90 

m inutes a fte r  which the supernatan t was decanted and rep laced  with 

f re sh  se ru m -fre e  BME. At the tim es indicated in the figure the cu ltu res

w ere sam pled in tr ip lic a te . The cu ltu re  m edium  was rem oved and 4juCi 
3

of H-thym idine in 2 m l of se ru m -fre e  BME was added to  the p lates, 

which w ere then incubated fo r one h o u r . The ce lls  on the coverslips 

w ere then fixed and the percentage of ce lls  with labeled nuclei w ere 

determ ined  by autoradiography as described  in the Methods and M aterials 

section  (page 29). ---------- F L V ;----------- D -F L V ;-------------------  BME.
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Text F ig u re  11 . Effect of FLV and D-FLV on the N uclear L abel­

ing Index in "Resting" M E F-2. The proportion of the ce ll population 

engaged in DNA synthesis was determ ined  in "res tin g "  cu ltu res  as 

described  in  tex t figure 10. The LI in FLV and D-FLV tre a te d  cell 

cu ltu res a re  com pared as a percentage of the LI in un trea ted  control 

cu ltu re s . ---------- F L V ;------------ D -FLV .
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Text F igure 12 . E ffect of FLV and D-FLV  on the Growth Rate of 

M E F-2. 3 .5  cm p lastic  tissu e  culture d ishes containing 2 ml of 

BME10FCS w ere seeded with 10^ viable M EF-2 c e lls . A fter 24 to  48 

hours the medium was decanted and 0 .2  m l of FLV, D-FLV or 

BME10FCS w ere added and then 1.8 ml of BME10FCS to  bring each 

dish to its  orig inal volum e. A fter 90 m inutes, the inoculum was 

decanted and rep laced  with an equal volume of fre sh  BME10FCS.

This was considered  z e ro  tim e P I. At the tim es indicated in the

figure the cells in tr ip lic a te  cu ltu res were counted. ----------------

F L V ; ----------------- D - F L V ;---------------------- BME15FCS.
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Table 1

The G eneration T im e of M EF-2 Cells*

Exp. FLV D-FLV U nt.a

1 1 5 .5b 27.8 23.2

2 16.4 23.0 20.2

3 15.4 28.0 25.4

x 3 15.8 26.3 22.9

S .E . 0 .26 1.63 1.56

* The tim e (hours) n ecessa ry  fo r  the cell population to  

double during the logarithm ic phase of grow th. Each e x p e ri­
ment rep o rte d  is  the m ean of tr ip lica te  d e te rm in a tio n s.

a T rea te d  with BME15FCS.

k H ours
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Table 2

The Cell D ensity of M EF-2 Cultures*

E x p .a FLV D-FLV UNTb FLV/UNT D-FLV/UNT

1 63.00C 53.64 48.00 1.24 1.04

2 98.48 72.80 74.00 1.32 0 .99

3 48.00 24.00 29.32 1.64 0.95

x 3 1.40 0.95

S .E . 0 .12 0 .06

* The cell num ber a t 72 hours PI was taken as a  m easure  of

the re la tiv e  density  of the c u ltu res .

a Each experim ent rep o rted  is  the m ean of tr ip lica te  d e te r­
m inations .

b T rea ted  with BME15FCS.

c C ells pe r 6 cm culture d ish  x 10"^.
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Table 3

C ell Cycle Analysis*

EXP FLV D-FLV UNTa

T-M  1 0 .72^ 0.83 0.65
2 0 .71 1.10 0.56
3 0 .49 0.63 0.53
x 3 0 .64 0.85 0.58
S .E . 0 .08 0.14 0.04

T -G l 1 6 . 00c 11.31 8.99
2 4.33 10.97 8.90
3 5 .50 7.05 8.06
x 3 5.28 9.78 8.06
S .E . 0 .40 1.12 0.26

T-S 1 5 .08d 10.16 9.26
2 5 .76 11.23 9.44
3 5.81 13.62 10.31
X 3 5.55 11.67 9.67
S .E . 0 .1 9 0.28 0.25

T-G2 1 4.00e 4.00 4.00
2 4.00 3.00 4.00
3 4.00 5.00 4.00
x 3 4.00 4.00 4.00
S .E . 0 .00 0.13 0.00

* The determ ination  of the tim e (hours) requ ired  fo r  M EF-2 
cells to  tra v e rse  the va rious stag es of the ce ll cycle w as made 
according to the method of S tanners and T ill as described  in the 
M ateria ls and Methods sec tion  (page 30).

a  BME15FCS
b Calculated from  determ inations of the m itotic index as d e sc rib  

in the Methods and M ateria ls  section  (page 31).

c The difference between T andT -M , T-G2 and T -S .
d Calculated from  the in te rphase  labeling index according to  the 

m ethod of S tanners and T ill  as d escribed  in  the M ateria ls and Methods 
section  (page 30).

e Modal T -G 2.
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Text F igu re  13. E lec tron  m icrog raphs of M E F-2 tw enty-one days 

PI with FLV.
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Text F ig u re  13. E lectron  m icrographs of M EF-2 twenty-one 

days PI with FLV

a. An M E F-2 c e ll 21 days a fte r  inoculation with FLV. Note the 

budding of the v ira l p a rtic le  from  the ce ll m em brane into the in te r ­

ce llu la r  space x 180,000.

b. Com pleted v iru s  p a rtic le s  in the in te rc e llu la r  space of FLV 

inoculated M E F-2 ce lls  21 days PI x 250,000.
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Text F igure 14 . A typ ical determ ination of the TCID50 of the 

tissu e  culture medium from  FLV infected M E F-2. 6 cm  plastic  tis su e  

culture d ishes containing 4 m l of McC15FCS w ere seeded with 2 x 10® 

3T3 c e lls . A fter 24 hours the tis su e  culture m edium w as rem oved and 

rep laced  with 2 m l of McC15FCS containing 0 .05 mg of DEAE-D. A fter 

one hour of incubation, the DEAE-D was decanted and the cell sheets  

w ere washed and exposed to  0 .2  m l of the sam ple to  be tes ted  fo r the 

presence of v irus for 30 m inu tes. 4 m l of McC15FCS w as then added 

to each dish and the d ishes w ere re tu rned  to the in cu b a to r. On the 

fourth day the dishes w ere subcultured by detaching the cell sheet from  

the tis su e  culture d ishes with 1 m l of 0.25% try p sin  in HBSS-CMF. 0 .5  

m l of the tissu e  culture suspension  and 3 .5  ml of McC15FCS was added 

to  each fre sh  tissue  cu lture d ish . A fter five or s ix  days the tissue  

culture fluid was rem oved and longitudinal s tr ip s  sc rap ed  out of the 

cell sheet with a s te r ile  wooden s tick . The p lates w ere then overlayed 

with 10® XC cells and 4 m l of McC15FCS. The p lates w ere  exam ined 

fo r the presence of syncytium  form ation on the second and fourth day. 

When the cu ltu res showed evidence of syncytium  form ation  on exam ina­

tion with an inverted  m icroscope, the tis su e  cu ltu re  fluid was decanted, 

the p lates fixed with m ethanol and sta ined  with H a rr is  H em atoxylin.

The t i te r  was calculated by the method of Reed and Meunsch and 

reported  a s  the TCID50.
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Text F igure  15 . The k inetics of v iru s  production. The in fec tiv ity  

(TCID50) of sam ples of tissue  cu ltu re  m edium  h a rv ested  a t the tim es 

a fte r infection indicated was determ ined  according to the method 

described  in tex t figure 14 and w as plotted v e rsu s tim e P I. The su p e r­

natant fluids of cu ltu res trea ted  with D- FLV or BME10FCS showed no 

ability  to  induce syncytium  form ation . The num ber in pa ren thesis  ( ) 

indicates the num ber of experim ents perform ed, in which four to  six 

rep lica te  sam ples per point w ere a ssay ed .
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IV . DISCUSSION

The experim ents rep o rted  here  indicate that the infection of M EF-2 

cu ltu res  with FLV re su lt in (1) a stim ulation  of the ra te  of DNA synthe­

s is  which appears to be independent of a  requ irem en t for ce ll division 

and which is  not accom panied by a s im ila r  in c rease  in RNA or protein  

syn thesis; (2) an increase  in the maximum population density  (cells per 

plate) which an M EF-2 cu ltu re  can attain ; (3) a  shortening  of the gen­

e ra tio n  tim e of M EF-2, which appears to re su lt from  a  shorten ing  of 

the tim e requ ired  for infected ce lls  to  tra v e rse  the G - l  and S phases 

of the ce ll cycle; and (4) the production of infectious v irus of low leu- 

kem ogenic potential.

DNA Synthesis

The stim ulation  of cu ltu red  ce lls  by DNA containing oncogenic 

v iru se s  has been extensively studied (Black, 1968; W inocur, 1969). 

Induction of DNA synthesis has a lso  been repo rted  to  occur under cul­

tu re  conditions which perm it little  o r no DNA syn thesis to take place by 

Polyom a v iru s (Dulbecco, e t a l . ,  19C5; O ssovski and Sachs, 1968), SV40

(Gershon, e t a l . ,  1966) and A denovirus (Ledinko, 1967). Although RSV
3

infection re su lt in H-TdR inco rpora tion  into m ultinucleate myotubes 

(Lee, e t a l . ,  1968), the ab ility  to  induce DNA syn thesis in ce ll cu ltu res 

not a lready  synthesizing DNA does not appear to be a  genera l p roperty  

of the oncogenic RNA v iru se s  (V igier, 1970; G reen, 1970). However,
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infection of actively  growing host ce lls  with oncogenic RNA v iru ses  does 

re s u lt  in an in creased  ra te  of DNA sy n th e s is . T his phenomenon was 

rep o rted  fo r RSV infected CEF (K ara, e t a l . ,  1968), GC v iru s in ­

fected  M EF-2 (Albach, et a l . ,  1970), MSV-MLV infected M EF-2 

(H irschm an, e t a l . ,  1970), and AMV infected CEF (LaCour, e t a l . ,

1970).

In the p resen t study, the re su lts  of experim ents designed to  m ea-
3

su re  the ra te  of DNA syn thesis as H-TdR incorporation  into acid 

insoluble product revealed  that FLV (an oncogenic RNA virus) is  a lso  

capable of stim ulating an in c rease  in  DNA syn thesis in actively  growing
3

M EF-2 cu ltu res (text f ig u res  2 and 13). The incorporation  of H-TdR 

into acid  insoluble product allows one to  m easu re  only to ta l DNA syn­

th e s is  in the cu ltu res  and does not d istinguish  between in c re a se s  in DNA 

syn thesis which re su lt fro m  an in c rease  in the percentage of ce lls  pe r 

cu ltu re  which synthesize DNA and those  in c re ase s  in DNA synthesis 

which re su lt from  an in c re a se  in the amount of DNA synthesized  per 

c e ll . The possib ility  a lso  ex is ts  tha t FLV infection may stim ulate  DNA 

syn thesis  by a lte rin g  the ce ll m em brane (Pardee, 1971) and thus fa c ili­

ta ting  nucleoside tra n sp o rt into the ce ll m em b ran e . Such an effect 

would probably be reflec ted  by an in c rease  in the s ize  of the cellu la r 

nucleotide pool (Plagem ann, 1971a, 1971b). The effects, if any, of 

FLV infection upon the s iz e  of the ce llu la r nucleotide pool have yet to  

be dete rm ined .
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The data obtained from  autoradiographic experim ents d isclosed  

that the percentage of ce lls  in FLV infected cu ltu res synthesizing DNA 

was g re a te r  than that observed in e ith e r of the controls at tim es when 

the TCA precipitable  counts in FLV trea ted  cu ltu res was also  g re a te r  

than in contro ls (te t  f igu res  8 and 9). Although these data do not ex­

clude the possib ility  that some of the observed increase  in the ra te  of 

to ta l DNA synthesis may resu lt from  an in crease  in the amount of DNA 

synthesized per cell, they do suggest that the observed in c rease  in 

to ta l DNA synthesis, is  in large part, the re su lt of an in crease  in the 

num ber of cells per culture synthesizing DNA.

Although the data thus fa r p resen ted  appear to  be consistent with 

the idea that FLV infection re su lts  in an in c rease  in the ra te  of cellu lar 

DNA synthesis, probably as a re su lt of an increase  in the num ber of 

cells which a re  induced to  synthesize DNA, it may be argued tha t the 

observed in crease  in DNA re flec ts  the synthesis of a large num ber of 

DNA in te rm ed ia tes copied from  v ira l RNA by the RNA dependent and 

DNA dependent DNA polym erases (Temin, 1971; Speigelm an, et a l . ,  1970; 

B altim ore, 1970). If th is  w ere the case, then m ore DNA hybridizable 

to  v ira l RNA should be p resen t in FLV infected cells  than in con tro ls .

Although these  hybridization experim ents have not been done in our 

system  as yet, H arel, e t a l .  (1972), repo rted  that th e ir  hybridization 

studies in AMV infected CEF have failed  to  reveal any difference of 

th is  s o r t .  They conclude that it is  enhancem ent of ce llu la r DNA synthe­

s is  which they have observed in th e ir  investiga tions.
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In o rd e r  to determ ine whether the observed in c rease  in DNA synthe­

s is  req u ired  actively  dividing cells , s im ila r  autoradiographic ex p e ri­

m ents w ere perform ed with cells which had been cultured  in se ru m -fre e  

medium fo r 5 or 6 days ("resting '’ cu ltu res). Although the cell num ber 

in such " res tin g "  cu ltu res did not double during the 72 hours that they 

w ere exam ined, DNA synthesis did not c e a s e . Infection of such cu ltu res 

with FLV resu lted  in in c reases in the ra te  of DNA syn thesis over that 

found in contro ls which was s im ila r to , if not g re a te r  than observed in 

experim en ts with serum  supplem ented cu ltu res (text figu res  10 and 11). 

However, in con trast with the oncogenic DNA v iru ses , which appear to 

be capable of inducing DNA synthesis in ce lls  which a re  not synthesizing 

detectable am ounts of DNA, oncogenic RNA v iru ses req u ired  some m ini­

m al level of ongoing DNA synthesis in  the host cells  before stim ulation

of the ra te  of DNA synthesis can be m easu red . Yoshikura (1968) r e -
3

ported  that incorporation  of H-TdR into FLV infected ce lls  trea te d  with 

10"^ M cytosine arabinoside, a potent inhibitor of DNA syn thesis, was 

reduced to  5% of con tro l. S im ilar, but p relim inary  experim ents in th is 

labora to ry  indicate that trea tm en t of FLV infected M EF-2 and contro ls 

with cytosine arabinoside resu lted  in an alm ost com plete inhibition of 

DNA synthesis in a ll cu ltu res and no subsequent FLV stim ulated  DNA 

sy n th e s is .

H irschm an, et a l .  (1970) repo rted  that infection by MLV-MSV of 

growth inhibited (stationary) 3T3 ce lls  m aintained in medium  rem oved 

from  sta tionary  ce ll cu ltu res (spent medium) did not re su lt in enhance-
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m ent of cellu la r DNA syn thesis. This finding is  a lso  consistent with 

the idea that a  ce rta in  m inim al level of DNA synthesis in the host cell 

is  requ ired  before enhancem ent of DNA synthesis as a resu lt of in fec­

tion with an oncogenic RNA virus can be m easured , since less  than

0.1% of 3T3 ce lls  grown under these  conditions dem onstrated  DNA syn­

th e s is , as determ ined by autoradiography (Renger, personal comm uni­

cation).

Biochem ical and autoradiographic experim ents with both actively 

dividing and res tin g  FLV tre a te d  and corttrol cu ltu res revealed  that the 

maximum ra te  of DNA synthesis o ccu rred  about 24 hours a fte r infection 

and that the maximum difference between the ra te s  of DNA synthesis in 

infected and contro l cu ltu res o ccu rred  between 24 and 48 hours a fte r in ­

fec tion . These re su lts  a re  in substan tia l agreem ent with the findings 

of H irschm an, et a l .  (1970) in MLV-MSV infected M EF-2, but do not 

ag ree  with the data  repo rted  by LaCour, e t a l. (1970) in AMV infected 

C E F-2 which indicate that the m axim um  increase  in the ra te  of DNA 

synthesis occu rred  between 0 and 4 hours and no difference was d isc e r­

nible by 24 h o u rs . The reasons fo r th is d ifference a re  not c le a r  but 

may reflec t d ifferences in the v iru s cell sy stem s em ployed. These ex ­

perim ents a lso  indicate that the observed increase  in the ra te  of DNA 

synthesis req u ire s  the presence of active v irus o r of some heat labile 

v ira l component since a s im ila r  in c rease  in the ra te  cf DNA synthesis 

is  not induced by heat denatured v iru s .
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RNA Synthesis

3
No significant difference between the ra te  of H-UR incorporation 

into FLV infected M EF-2 cu ltu res and controls was observed (text 

figures 4 and 5). T his data is  in  agreem ent with that reported  by 

H irschm an, et a l .  (1970) for MSV-MLV infected M E F-2. These re su lts  

differ from  those rep o rted  by Albach, e t a l. (1970) and LaCour, et a l. 

(1970) who rep o rted  stim ulation of RNA synthesis in GC and AMV in­

fected c u ltu res . The reasons fo r th is difference in ability  to  stim ulate  

RNA synthesis a re  obscure. Such differences m ay originate in the ef­

fec ts  of different v iru se s  upon ce lls  in tissue  culture or may re su lt 

from  differences in the sensitiv ity  of the assay  employed since RNA syn­

th es is  in both GC v irus infected MEF and AMV infected CEF was moni­

to red  by radioautographic methods while RNA synthesis in MLV-MSV 

and FLV infected ce lls  was m easured  by g ro ss  biochem ical counting 

m ethods.

P ro te in  Synthesis

The ra te  of pro tein  synthesis in FLV infected and control cu ltu res 

was investigated and no significant difference was seen (text figu res 6 

and 7). Although little  is  known of the effects of FLV infection on pro­

te in  synthesis in cu ltured  cells , Budillon, et a l .  (1964) rep o rted  an in ­

c re a se  in the ra te  of pro tein  synthesis in  the sp leens of FLV infected 

m ic e . The observed differences in the ability  of FLV to  affect protein  

synthesis m ay be due to  the fact that the m easurem ents w ere m ade with
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two d ifferent kinds of cell populations.

The data  in th is  study indicate that no differences in  the ra te  of 

bulk RNA and pro tein  syntheses appear to  re su lt from  infection of 

M EF-2 with FLV. However, since DNA synthesis is  thought to  be p re ­

ceded by se v e ra l rounds of p ro tein  and RNA synthesis (R overa , e t a l . ,  

1971), the possib ility  ex is ts  that infection with FLV stim u la tes an in ­

c re a se  in the syn thesis of only ce rta in  species of p ro tein  and RNA 

( e .g . ,  acidic nuclear proteins) and that th is  difference, although rea l, 

is not detectable by the m ethods em ployed in th is  d isse rta tio n .

Cell Growth

Studies of the population density  to  which M EF-2 grew  in m onolayer 

cu ltu re  revealed  th a t those infected with FLV grew to an average of 1.4 

tim es the population density  of uninfected controls (Table 2). The popu­

lation density  of D-FLV inoculated contro ls was not significantly  different 

from  that of uninfected c o n tro ls .

S im ila r findings have been rep o rted  fo r RSV infected CEF (Colby 

and Rubin, 1969), AMV infected CEF (LaCour, et a l . ,  1970), MSV in ­

fected  ra t  c e lls  (Temin, 1967), and SV40 infected 3T3 ce lls  (Holley and 

K iernan, 1968).

V irus infection a lso  influenced the cell cycle (Tables 1 and 3). The 

T of FLV infected fib ro b lasts  was found to  be 67% of the uninfected con­

tro ls , w hereas the T of D-FLV inoculated cu ltu res was found to  be s im i­

la r  to  uninfected c o n tro ls . C ell cycle analysis d isclosed  that the sho rten -
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ing of T was the re su lt of a shortening of T -G l and T-S  in infected 

c e lls . The T -M  and T-G2 of FLV uninfected ce lls  w ere not affected .

T here  appears to  be a d ifference between the effects of FLV and 

RSV upon the growth ra te  of infected c e l ls . The stud ies repo rted  here  

indicate that the increased  ce ll density  observed in FLV infected cul­

tu re s  is  the re su lt of a  shortening  of T, w hereas Leong, et a l .  (1972) 

and o thers (Temin, 1965; Colby and Rubin, 1969; Hanafusa, 1969) r e ­

port that th e re  is no change in T in RSV infected ce lls  as com pared with 

contro ls and that the in c rease  in population density  observed in  RSV in ­

fected ce lls  is  the re su lt of an increase  in the efficiency with which 

m ultip lication stim ulating  fac to rs  a re  utilized (Jainchill and Todaro,

1970; T em in, 1971). Infected but untransform ed ce lls , producing v irus 

do not have th is  dim inished requ irem ent fo r m ultip lication stim ulating 

fac to r (Biquard, 1970).

L ittle  is  known about the m echanism s by which the tem p o ra l sequence 

of events in the cell cycle a re  regulated  (R overa, e t a l . ,  1971). Nothing 

is  known about the way in which FLV shortens the tim e req u ired  for 

M EF-2 to  tra v e rse  the cell cycle.

V irus Production

When m urine leukem ia v iru se s  a re  propagated in tis su e  cu ltu re, 

the leukem ogenicity of the v iru s  produced d e c rea se s  to  near z e ro  (Moore, 

e t a l . ,  1958; Boiron, e t a l . ,  1967; F riend  and R ossi, 1968; Yoshikura, 

e t a l . ,  1969; Schlom, e t a l . ,  1971). T here  has been, th e re fo re , som e 

question as to  w hether FLV can infect M EF-2 in a  consisten t fashion,
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and if so, w hether the infection is  productive. D r. E . DeHarven of 

S loan-K ettering Institu tes exam ined FLV infected M EF-2 under the 

e lec tro n  m icroscope fo r the p resence of budding v iru s . The e lec tron  

m icrographs c lea rly  indicate that FLV does productively infect M EF-2 

(DeHarven, personal communication) (text figure 13).

Since th e re  is  a  loss in leukem ogenicity, tissue  culture passaged 

v irus cannot be tite re d  re liab ly  by in vivo m ethods. T herefo re , the 

course of v iru s production was followed by the mixed culture cytopatho- 

genicity a ssa y . Evidence of v iru s in the supernatant tissue  culture fluid 

was found as ea rly  as four hours PI (text figu res 14 and 15). The m axi­

mum ra te  of v irus production occu rred  between 24 and 96 hours and 

infective v irus was s ti ll  found in the medium a fte r 168 h o u rs . In a g re e ­

ment with these  findings a re  those of H irschm an, et a l .  (1969) who r e ­

ported the detection of MSV-MLV in supernatant fluids e a r l ie r  than 10 

hours a fte r  infection, those of Schlom, e t a l. (1971) who rep o rted  high 

t i te r s  of RLV in supernatant flu ids within 24 hours P I. Also in a g re e ­

ment with these  findings a re  the studies of Okano and Rich (1969) with 

cu ltu res  p e rs is ten tly  infected with Rich v iru s and those of Bader (1970) 

using cu ltu res p e rs is ten tly  infected with RLV. These studies indicate 

that syn thesis of com pleted infectious v irions req u ire s  about two h o u rs .

In vivo titra tio n s  of tis su e  cu ltu re  supernatant fluids of FLV infec­

ted  M EF-2 confirm  the findings of Moore (1963), Boiron (1967), 

deTkaczevski, e t a l .  (1968), Yoshikura (1969), and Schlom (1971). FLV 

does become attenuated as a  re su lt of tis su e  culture passage . Even
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a lte r  as little  as one passage in tis su e  cu ltu re, FLV does not consis­

ten tly  o r re liab ly  cause leukem ia in susceptib le m ic e .

The rapid  loss of leukem ogenicity seen  in tissu e  culture passaged 

FLV is of considerable in te re s t. T his phenomenon may be the resu lt 

of (1) a change in the phenotype of the v irus as a re su lt of passage in 

tissue  culture (Schlom, et a l . ,  1971); (2) a  genetic change in the v irus 

o r host cell resu lting  in a lte ra tio n  of the host range of the v irus 

(Aaronson, ,1971), o r (3) se lec tion  fo r a p re-ex isting  nonleukemogenic 

varian t which fo rm s part of an FLV complex as hypothesized by Steeves 

and M irand (1969). The possib ility  that th e re  is  a d ecrease  in the num­

ber of v irions re leased , i . e . ,  le ss  than the amount n ecessa ry  fo r a 

leukemogenic dose should a lso  be considered , although the EM evidence 

m akes th is  m ost unlikely. E xperim ents a re  planned to  determ ine which 

of these fac to rs  plays a  ro le  in the attenuation phenomenon.

In conclusion, it has been found that the exposure of M EF-2 to  FLV 

re su lts  in (1) an in c reased  ra te  of DNA synthesis without s im ila r  in c re a se s  

in the ra te s  of RNA and pro tein  synthesis; (2) a lte ra tions in the growth 

ra te  of M EF-2 which w ere re flec ted  in g re a te r  cell density  in 72 hour 

cu ltu res; (3) shortened generation  tim e which resu lted  from  a  shortened 

G1 and S phase; and (4) production of an attenuated v irus as e a rly  as four 

hours PI.

The m echanism s of the s tim u la to ry  effects observed and th e ir  

im portance in the induction of m urine leukem ia a re  not yet understood.
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V. SUMMARY

V iruses which infect m am m alian ce lls  a re  known to cause changes 

in h o st-ce ll physiology. Most of the studies of F riend  Leukem ia V irus 

(FLV) ca rr ied  out in tissue  culture had involved chronically infected 

host c e lls . In o rd e r to  study the effects of v ira l  infection on host cells  

and the replicative cycle of the v iru s, the events following infection of 

secondary mouse em bryo fib rob lasts  (MEF-2) in tissue  culture with 

FLV w ere investigated . FLV infection was confirm ed by e lec tron  

m icroscopic exam ination and the subsequent effects on m acrom olecu- 

la r  synthesis, ce llu la r growth and v iru s production w ere studied .

The ra te  of DNA synthesis in c reased  in M EF-2 cu ltu res following 

infection with FLV as com pared with cu ltu res which w ere un trea ted  or 

exposed to  heat-denatured  v irus (D-FLV). DNA synthesis reached  a 

peak between 24 and 48 hours a fte r  infection.

Radioautographic studies of dividing and " re s tin g '' (nondividing) 

ce lls  revealed  that the percentage of ce lls  which incorporated  thym i­

dine into th e ir  nuclei was g re a te r  in FLV inoculated cu ltu res than in 

un treated  cu ltu res o r in cu ltu res tre a te d  with D -FLV . The observed 

in c rease  in the percentage of DNA synthesizing cells in infected 

cu ltu res appears to  be independent of the ability  of the cells to  divide.

The ra te  of ce llu la r RNA and pro tein  synthesis did not appear to 

be affected by FLV infection.

The generation tim e (T) in FLV infected M EF-2 was significantly 

sh o rte r  than in con tro l c u ltu res . Cell cycle analysis revealed  that
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the observed shortening of the generation  tim e was a resu lt of a de­

c rease  in  the tim e requ ired  fo r the FLV infected cells to  tra v e rse  the 

G1 and S phases of the cell c y c le . By 72 hours post infection, the 

cu ltu res had grown to  a significantly  g re a te r  population density  than 

c o n tro ls .

Studies of the k inetics of v irus production indicate that v irus is  

p resen t in the m edium by four hours a fte r  infection and that the m axi­

mum ra te  of v irus re lease  occurs between 24 and 96 hours a fte r infec­

tio n .

C e ll-free  tissu e  culture f i ltra te s  w ere found to have a low leuke- 

mogenic potential and to induce leukem ia in m ice only sporadically  as 

had been noted by o th e rs .
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APPENDIX I 

CELL CYCLE ANALYSIS (Stanners & T ill, 1960)

D istribution of Cell Num bers at D ifferent Portions 
of the Mitotic Cycle

A ccording to  S tanners and T ill, cell cu ltu res a re  said to  be asyn­

chronous if the cell num bers in each culture in crease  exponentially with 
tim e and a constant frac tion  of ce lls  is  found to  be undergoing division. 

F o r such a culture the frequency d istribu tion  of ce lls  around the m itotic 

cycle (text figure 16) o r the num ber of cells in each portion of the cycle 
is  an exponential function (Powell, 1956) with twice as many ce lls  leav­

ing m itosis as en tering  i t .  The m itotic index should rem ain  constant 
fo r at least one generation . Our cell cu ltu res w ere asynchronous as 

judged by the c rite rio n  of constant m itotic index.
In asynchronous, exponentially m ultiplying cu ltu res , the ce ll con­

cen tration  N(t) a s a  function of tim e t is  given by 

N(t) = N0e exp at (1)
0 693w here N0 is  the in itia l concentration and a  = —̂ — , T being the doubling 

t im e .

To locate the position of any given cell within the m itotic cycle a 
variab le  b, w here 0< b <T is  assigned, rep resen tin g  the tim e s e p a ra t­

ing the cell from  div ision . At b = G2 + S, the cell begins DNA synthesis 
which la s ts  a  tim e S; a t b = G2 the cell ceases DNA synthesis and e n te rs  

the p rem ito tic  nonsynthetic period of duration G2; at b = bm , the cell 

e n te rs  m itosis and at b = 0 the cell d iv ides. Thus, the G2 period  is  

defined as the period  from  the com pletion of synthesis to d ivision.

Let n(t, b) be the num ber of cells per unit tim e at tim e t flowing 
through a point on the cycle which p recedes division by a tim e b. At 

b = 0 the num ber of ce lls  dividing in a tim e in te rv a l t to  t+dt is  dN(t), 

the num ber of new ce lls  appearing:
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n(t, 0)dt = dN(t) (2)
from  Equation I

n(t, 0) = aN0 e exp at = aN(t) (3)

A ssum ing a uniform  ra te  of flow of ce lls  around the cycle, a cell which 
is  at position b a t a  tim e t w ill have moved to  b = 0 at tim e t + b, so that 

n(t + b, 0) = n(t, b) (4)

which yields using equations (1) and (3) 
n(t, b) = aN(t) e exp ab (5)

In text figure  17, n(t, b) is  plotted fo r constant t . It is  apparent that

N (t) = / b =  0 n k b> db

which is  the a re a  between b = 0 and b = T in tex t figure 17.

Defining the m itotic index, M(t) x 100, a s  the percent of ce lls  in  the 
in te rva l b = 0 to  b = bm , we have

M l t t . / f c o  n(tb)db (6)C Tn(t, b) db J 0
= e exp abm - 1 

abm> hm y y T 
The m itotic index is  constant with t im e .

The percentage of ce lls  taking u j  label in asynchronous cu ltu res 
R eferring  to  tex t figure 17 and using equation (4) the frac tion  of 

labeled ce lls  L(t) a s  a function of tim e t is  given by:
.G 2 + S + t ^  ^  ^

L(t) = '  ------- for t < G2

/ °r S+tn(t;0)dt + / T:t;2n(t0)dtfort>G2 ^
m  iO

where label is  added at tim e t  = 0.
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The second in teg ra l is  equation (7) fo r t >G2 a r is e s  from  the fact that 

a fte r tim e G2 has lapsed, ce lls  that have picked up label begin to  divide, 

thus increasing  the percentage of labeled c e lls . It is  assum ed in equation 

(7) that a ll ce lls  have the sam e G2 period . The th eo re tica l trea tm en t is  

im proved by co rrec ting  fo r the division of labeled and unlabeled ce lls  

taking into account the varia tion  in G2 tim e s . The percentage of labeled 

cells which would have been observed had no cell division taken place can 
be obtained from  the observed labeling indices by employing the follow­

ing expression:

W here aN(t) dt is  the in c rease  in ce ll num ber over the tim e in te rva l dt 

and P(t - bm) is  the frac tio n  of labeled cells en tering  d iv ision . Allow­
ance is  made fo r the fact that m etaphase p recedes division by tim e t ^ .  
The f i r s t  te rm  in the bracket re p re se n ts  the to ta l num ber of labeled 

cells that a re  seen, and the second te rm  in the bracket rep re se n ts  the 

num ber of these  that a re  due to division of a lready  labeled c e l ls .

A fter a tim e G i has e lapsed  a fu rth e r co rrec tion  would be req u ired  

to allow fo r ce lls  which have divided a fte r  the addition of label and 

which have not been in  the S period  in the p resence of labe l. T here  is  
little  point in extending the trea tm en t fo r tim es la rg e r  than G j, how­

ever, since the sp read  in S and G j tim es would have to  be accu ra te ly  
known o r the uncertain ty  introduced in making such a  co rrec tion  would 

be la rg e .

Thus fo r t ^  G i equation (8) becom es

L(t) c o r r . = 1/No [L (t)exper. N(t) - / *  P(t - t ^ )  aN(t) dt] (8)

c o rr (9)
No

Using equation (3) th is  gives:

L (t )COr r .  = e exP a^2  [e exP a<̂ 2 fe exP a (s + t) - 1] 
F rom  which one obtains:

c o r r . (10)

S = 1/a In [L(t)c o rr  + e exp aG2] - (G2 + t) (11)
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F or each c o rrec ted  experim en tal L(t) value a  value of S can be com puted.
At the suggestion of D r . S tanners the observed labeling indices 

w ere plotted v e rsu s  t im e . The line described  was then extrapolated  
to  z e ro  tim e and the value of the Y in tercep t thus obtained was used 
as the L(t) c o r r .  in th is  re p o r t .
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G2
DNA S Y N T H E S IS

DIVISION

T E X T  FIG. 16 TH E MITOTIC CYCLE OF 

ACTIVELY MULTIPLYING C E L L S



91

Text F igure 16 . The m itotic cycle of actively  m ultiplying ce lls , 
showing the DNA synthetic period  and its  tim e re la tion  to  division 
(cells move clockwise around the cycle).
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Text F igure  17. The frequency d istribu tion  of an asynchronous 

culture giving the re la tive  num ber of cells in each p a rt of the m itotic 

cycle and showing the approxim ate position of the G2, S and Gj 
p e rio d s .
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