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1 NTRODUCTI ON 



A - GENERALITES 

L ' i so l emen t  du premier  v i r u s  tumorigène à p a r t i r  d 'un sarcome spontané du 

p o u l e t  par  Peyton Rous (1911) marque l e  début  des recherches sur  l e s  r é t r o -  

v i r u s  ou r e t r o v i r i d a e .  Deux ans auparavant, E l lerman e t  Bang (1909) rappor- 

t a i e n t  l e s  r é s u l t a t s  d 'une t ransmiss ion r é u s s i e  de leucémie par i n j e c t i o n  à 

des animaux sa ins  d 'un f i  1 t r a t  de ce1 l u l e s  leucémiques. Ces deux découvertes 

appo r ta i en t  l a  preuve que ces v i r u s  é t a i e n t  responsables de ces a f f e c t i o n s  

mal ignes. Depuis, de nombreux au t res  r é t r o v i r u s  o n t  é t é  i s o l é s  chez l e s  

oiseaux (Fu j inami  e t  Inamoto, 1914) pu i s  chez l a  sou r i s ,  l e  r a t ,  e t  b i e n  

d ' au t res  espèces ( B i t t n e r ,  1936; B i t t n e r ,  1942; Gross, 1951; F r iend ,  1957; 

?!oloney, lof je; Parvey, 1964; Y i r s t e n  e t  Mayer, 1967;et v o i r  revue p a r  Gross, 1970). 

Tout comme d 'au t res  agents carcinogènes d ' o r i q i n e  chimique ou physique, l e s  

r é t r o v i r u s  son t  responsables de tumeurs va r i ées  dans de t r è s  nombreuses 

espèces animales. Agents oncogènes extrêmement pu issants ,  l e s  r é t r o v i r u s  peuvent 

provoquer des tumeurs s o l i d e s  t e l l e s  que des sarcomes ou des carcinomes a i n s i  

que de nombreux types de 1 eucémies . 

Les r e t r o v i r i d a e  o n t  un génôme à ARN d i p l o l d e  e t  possèdent l a  p a r t i c u l a r i t é  

de dépendre d 'un i n t e r m é d i a i r e  ADN pour 1 ' é t a b l  issement de 1 ' i n f e c t i o n  e t  gour 

l e u r  propagat ion. Cet ADN,qui s ' i n t è g r e  à 1 ' é t a t  double b r i n  dans l e s  chromosones 

de l ' h ô t e ,  e s t  s y n t h é t i s é  à p a r t i r  du génome v i r a l  ARN par  une ADN polyrnerase 

ARN dépendante appelée polymérase i nve rse  ou ré t ropolymérase ( v o i r  revue par  

Temin e t  Ba l t imore ,  1972; Verma, 1977) d ' où  l e  nom de r é t r o v i r u s .  

La f a m i l l e  des r é t r o v i r u s  se d i v i s e  en t r o i s  groupes comprenant : 

(1) l e s  oncov i rus représen tan t  l a  p l u s  qrande p a r t i e  des r é t r o v i r u s  

q u i  f e r o n t  1 ' o b j e t  de ce p résen t  mémoire, 

(2 )  l e s  l e n t i v i r u s  ou v i r u s  des a f f e c t i o n s  l en tes ,  l y t i q u e s  en 

c u l t u r e  de t i s s u  t e l  que l e  v i r u s  v isna  du mouton. 

(3)  l e s  spumavirus parmi lesque ls  1 'on peut  c l asse r  c e r t a i n s  v i r u s  

de pr imates. Les spumavirus ne son t  pas oncogènes chez l ' a n i m a l  mais f o m e n t  

des sync i t iums c a r a c t é r i s t i q u e s  en c u l t u r e  ("foamy v i r u s " ) .  

Les r é t r o v i r u s  o n t  f a i t  l ' o b j e t  de beaucoup d 'é tudes  ces d i x  de rn iè res  années, 

c a r  i l s  représen ten t  un o u t i l  de cho i x  pour l ' é t u d e  des mécanismes de 



FIGURE 1 : Particule mature de type C .  

Schéma d '  après des photos de microscopie électronique ( d  'après Tooze, 1373). 
a - spicules; b - enveloppe d'origine ce l lu la i re ;  c - nucléocapside ; 
d - nucléoprotéines e t  noyau; c + d = e ,  1 e nucl éoïde. 



t r ans fo rma t i on  de l a  c e l l u l e .  Le v i r u s  i n t r o d u i t  dans l a  c e l l u l e  hô te  

une i n f o r m a t i o n  génét ique r e l a t i v e m e n t  r e s t r e i n t e  e t  il d e v i e n t  de p l us  en 

p l u s  év iden t  que l e  ou l e s  p r o d u i t s  codés par  l e  génome v i r a l  son t  respon- 

sables de l ' i n i t i a t i o n  e t  du m a i n t i e n  de l a  t rans fo rmat ion .  

A i n s i ,  l e s  recherches su r  l e s  r é t r o v i r u s  dev ra ien t  condu i re  à une m e i l l e u r e  

compréhension des étapes-clés de l a  f o rma t i on  des leucémies e t  sarcomes. 

B - STRUCTURE des RETROVIRUS 

1. Morphologie des p a r t i c u l e s  v i r a l e s .  --- ---- ------- ----------------- 
Au cours de ces v i n g t  dern iè res  années, l a  s t r u c t u r e  des r é t r o v i r u s  a é t é  

mise en évidence par  l e s  études de microscopie é l ec t ron ique  u t i l i s a n t  l e s  

coupes f i n e s  de c e l l u l e s  (Bernhard, 1960; Chopra e t  Yason, 1970; Da l ton  e t  

a l ,  1974; Todaro e t  a l ,  1978), 1  a  c o l o r a t i o n  néga t i ve  de p a r t i c u l e s  i n tac tes ,  

ou p l u s  récemment, l a  c o l o r a t i o n  néga t i ve  s u i v i e  de cryodécapage (Nermut e t  

a l ,  1972). Le v i r i o n  possède une s t r u c t u r e  à peu près sphérique de 80 à 

100 m i l l i m i c r o n s  de d iamètre (Sharp e t  a l ,  1952; Bernhard, 1960). 

Il e s t  composé d 'un  nuc léoïde contenant l e  vénome e t  e s t  en touré  d 'une 

enveloppe l i p o - p r o t é i q u e  provenant de l a  membrane ex te rne  de l a  c e l l u l e - h ô t e .  

L 'enveloppe e s t  recouver te  à l a  su r f ace  de sp i cu les  formées de g lycopro té ines  

responsables de 1 ' i n f e c t i v i  t é  du v i r u s  (Tooze, 1973) 

( v o i r  F i g u r e  1 ) .  

Les oncov i rus  o n t  é t é  c lassés en p l u s i e u r s  ca tégor ies ,  l e s  p a r t i c u l e s  de 

type  A ,  By C, e t  D en f o n c t i o n  de l e u r  s t r u c t u r e  e t  des moda l i tés  de l e u r  

ma tu ra t i on  (Bernhard, 1960; Da1 t o n  e t  a l ,  1974). Les p a r t i c u l e s  de t ype  C, 

l e s  p l u s  répandues dans l a  nature,  se ron t  l e s  seules p a r t i c u l e s  t r a i t é e s  dans 

l e  mémoire. E l l e s  se forment à l a  su r f ace  des c e l l u l e s  p a r  bourgeonnement 

de 1 a membrane p l  asmique. Les nuc l  éoïdes v i r a u x  d 'abord incomplets  se condensent 

sous l a  membrane plasmique, 2u is  acqu iè ren t  l e u r  forme icosahedr ique mature 

au cours du bourqeonnement. A i n s i ,  seules l e s  p a r t i c u l e s  l i b é r é e s  dans l e  

m i l i e u  possèdent un nuc léoïde complet. 

II. Composit ion --- ---------------- b ioch imigue -- 

Tous l e s  r é t r o v i r u s  o n t  des p r o p r i é t é s  physicochimiques e t  biochimiques 

sembl ab1 es ( v o i r  Tooze, 1973). Les p a r t i c u l e s  v i r a l  es possèdent une densi  t é  

en g r a d i e n t  isopycnique de saccharose de 1,16 g/ml. Il son t  composés d ' e n v i r o n  



FIGURE 2 : S t r u c t u r e  du génome v i r a l  

GAG POL ENV 

R - séquence r é p é t i t i v e  

U5 - séquence unique 5 '  

AT - s i t e  d 'at tachement du  tRNA amorce 

L - sêquence " l eade r "  

U3 - séquence unique 3 '  

AZo0 - po ly  A de - 200 r é s i d u s  adénosine 

l II A ( 200) 



62% de p ro té ines ,  30% de l i p i d e s ,  6% d'hexoses, e t  d ' e n v i r o n  1% d'!,RN 

(Da l t on  e t  a l ,  1974). Les p ro té i nes  v i r a l e s  son t  représentées pa r  : 

( 1 )  Les g lycopro té ines  d'enveloppe s i t uées  à l a  sur face  du v i r i o n ,  

responsables de l ' i n t e r a c t i o n  v i r us -hô te  e t  e s s e n t i e l l e s  à l ' i n f e c t i o n .  

( 2 )  Les p ro té i nes  non g lycosy lées i n t e r n e s  donnant au v i r u s  sa 

s p é c i f i c i t é  an t igén ique  de groupe e t  formant l e  noyau de l a  ? a r t i c u l e .  

( 3 )  La re t ropolymérase nécessai re  à l a  synthèse d'ADN à p a r t i r  du 

génome ARN ( v o i r  p l us  l o i n ) .  

Les ARNs v i r a u x  e x t r a i t s  de v i r i o n s  p u r i f i é s  comportent une espèce majeure 

représen tan t  l e  génome v i r a l  ( c o e f f i c i e n t  de sédimentat ion 70S), de p e t i t s  

ARNs 4-7S, e t  une f a i b l e  q u a n t i t é  d'ARN ribosomique 18s e t  28s ( v o i r  revue 

pa r  Duesberg, 1970). Le génome v i r a l  se c a r a c t é r i s e  pa r  un complexe d'ARN 
6  correspondant à un po ids m o l é c u l a i r e  de 8 - 10 X 10 da l t ons .  Ce complexe 

e s t  formé de deux sous-uni tés i den t i ques  de 30s-40S, polyadénylées, de 
6 po ids  m o l é c u l a i r e  3  - 4  X 10 da l tons  (Duesberg e t  a l ,  1974; Neissman e t  a l ,  

1974; Baluda e t  a l ,  1974), l i é e s  e n t r e  e l l e s  à l e u r  e x t r é m i t é  5 '  (Bender e t  

Davidson, 1976). 

III - S t r u c t u r e  du génome v i r a l  ------------- ----------- 

Le génome v i r a l  ( v o i r  F i g u r e  2) e s t  composé de t r o i s  gènes de s t r u c t u r e  

( v o i r  Ba l t imore ,  1975; e t  v o i r  revues pa r  Beemon, 1978; e t  C o f f i n ,  1979) 

don t  1  ' o r d r e  de l e c t u r e  de 1  ' e x t r é m i t é  5 '  vers 1  'ex t rémi  t é  3 '  e s t  : 

5 '  gag - - p o l  - - env - 3 ' .  

Le gène - gag code pour l e s  p r o t é i n e s  de s t r u c t u r e  du noyau, l e  gène - pol  

pour l a  rétropolymérase, e t  l e  gène - env pour l e s  g lycopro té ines  d'enveloppe. 

Ces t r o i s  gènes représen ten t  l ' u n i t é  r é p l i c a t i v e  du v i r u s .  Chaque sous-uni té,  

en p l u s  des gènes v i raux ,  possède un c e r t a i n  nowbre l ' é l émen ts  de r é g u l a t i o n  

qu i  semblent ind ispensables à l a  r é p l i c a t i o n  e t  à l ' i n t é g r a t i o n  du v i r u s  

( v o i r  p l us  l o i n ) .  Ces éléments régu la teurs ,  l o c a l i s é s  aux ex t rémi tés  5 '  e t  

3 '  du génome v i r a l  , son t  1  es su i van t s  : 

( 1 )  L ' e x t r é m i t é  5 '  du génome peut  ê t r e  d i v i s é e  en qua t re  récjions 

f o n c t i o n n e l l e s  précédant l e  gène - gaq q u i  sont  de 5 '  vers 3 '  : une séquence 

r é p é t i t i v e  (R), une séquence unique (U5), un s i t e  d 'at tachement de 1'ARN 

de t r a n s f e r t ,  tFNA (AT) ,  e t  une séquence " leader "  ( L ) .  La séquence r é p é t i t i v e  



FIGURE 3 : Cycle r é p l i c a t i f  des r é t r o v i r u s  

1 - Adsorpt ion e t  p é n é t r a t i o n  du v i r u s  
2 - synthèse d '  ADY v i r a l  l i n é a i r e  
3 - c i r c u l a P i s a t i o n  de l'ADN v i r a l  
4 - i n t é g r a t i o n  dans 1  'ADN de l ' h ô t e  
5 - t r a n s c r i p t i o n  de l'ADN p r o v i r a l  
6 - t r a d u c t i o n  de 1'ARN messager 
7 - assemblage des p a r t i c u l e s  v i r a l e s .  



R, d 'une  lonoueur estimée à 17 - 21 nuc léo t i des  chez l e s  v i r u s  a v i a i r e s  

e t  à 60 - 71 nuc léo t i des  chez l e s  v i r u s  rnurins, se re t rouve  é g a l e ~ e n t  

répé tée  du cô té  3 '  (Hase l t i ne  e t  a l ,  1976; H a s e l t i n e  e t  a l  1977; Schwartz 

e t  a l ,  1977; C o f f i n  e t  a l ,  1978). La séquence R possède comme l a  p l u p a r t  

des ARN messagers d 'eucaryo tes  un groupement méthyle ou "cap" (pour  capuchon) 
7  5 '  5  ' de s t r u c t u r e  m  Gppp Gm (Fu ru i ch i  e t  31, 1975). La séquence lJ5, es t i r iée  à 

101 - 145 nuc léo t ides ,  e s t  s i t u é e  e n t r e  l a  séquence R e t  l e  s i t e  d 'at tachement 

du t R N A  (Van Beveren e t  a l ,  1980; Dhar e t  a l ,  1980; Ju e t  Skalka, 1980). 

La synthèse d'ADN p r o v i r a l  e s t  i n i t i é e  au n iveau du tRNP amorce qu i  e s t  l i é  

au s i t e  AT de 16 - 18 nuc léo t i des  de lonq. Ce tRNA e s t  spéc i f i que  pour une 

espèce v i r a l e  donnée ( p a r  exemple tRNApro pour l e s  v i r u s  murins e t  tRNAtrppour 

l e s  v i r u s  a v i a i r e s )  (Dahlberg e t  a l ,  1974; Peters  e t  a l ,  1977). Du c ô t é  3 '  

du s i t e  AT se t r o u v e  une séquence ( L )  d ' e n v i r o n  400 - 1000 nuc léo t i des  q u i  

possède l e s  s ignaux nécessai res à l ' é p i s s u r e  de 1'ARN. 

( 2 )  L ' ex t rém i  t é  3 '  commence à l a  f i n  du gène v i r a l  - env. Cet te  r é g i o n  

i n c l u t  l a  séquence unique (U3)qui  possède l e s  éléments impl iqués dans l a  

promot ion de l a  t r a n s c r i p t i o n  de 1  'ARN v i r a l  à p a r t i r  de 1  'ADN p r o v i r a l .  

L'ARN v i r a l  possède également une séquence p o l y  4 de 200-500 rés idus  a jou tée  

après ma tu ra t i on  de 1'ARN en ARN messager (Green e t  Cartas 1972; Bender e t  

Davidson, 1976). Schématiquement, l e  génome v i r a l  peut  ê t r e  représenté a i n s i  : 

5 '  - - R - U5 - PT - L  -1-q - p o l  - env - U3 - p o l y  A - 3 '  
G - - 

C - REPLICATION des VIRUS NON DEFECTIFS 

Les r é t r o v i r u s  s ' a s s o c i e n t  de façon s t a b l e  à l a  c e l l u l e ,  1  ' u t i l i s e n t  pour  se 

m u l t i p l i e r  e t  p r o d u i r e  constamment des v i r i o n s  sans pour au tan t  t u e r  l e s  

ce1 l u l e s  qu 'i 1s i n f e c t e n t  ( v o i r  revue par  C o f f i n ,  1979). La r é p l i c a t i o n  v i r a l e  

Peut  se schematiser a i n s i  : 

,DN II) ARN I) p ro té i nes  

PiRN -, 
Lalpremière étape e s t  r é a l i s é e  pa r  l a  rétropolyrnérase codée e t  por tée  p a r  

l e  v i r i o n .  L'ADN v i r a l  s y n t h é t i s é  s ' i n t è g r e  de façon covalente à 1  'BDN de l a  

c e l l u l e  hôte à l ' é t a t  de p r o v i r u s .  La t r a n s c r i p t i o n  en ARN v i r a l  e s t  e f f e c t u é e  

p a r  l e s  enzymes de l a  c e l l u l e  hôte,  responsables de l ' e x p r e s s i o n  des gènes 

c e l l u l a i r e s .  Le c y c l e  r é p l i c a t i f  peu t  ê t r e  a i n s i  séparé en deux phases p r i n c i -  

pa les  ( v o i r  F i g u r e  3) : 
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F I G U R E  4 : Etapes de l a  synthèse v i r a l  



( 1 )  Adsorpt ion e t  péné t ra t i on  dans l a  c e l l u l e  hô te  (é tape  l ) ,  

synthèse d 'une cop ie  double b r i n  d'ADN v i r a l  à p a r t i r  de 1 '),RN v i r a l  (étape 2 ) ,  
i n t é g r a t i o n  du p r o v i r u s  (é tape 3), e t  

( 2 )  t r a n s c r i p t i o n  de l ' i n f o r v a t i o n  génét ique v i r a l e  (é tape  4) ,  

synthèse des po lypep t ides  v i raux  (é tape 5 ) ,  e t  fo rmat ion  des p a r t i c u l e s  v i r a l e s  

(é tape 6 ) .  

1 - Adsorpt ion e t  péné t ra t i on  du v i r u s  ----- ------------------- 

L'at tachement du v i r i o n  à l a  c e l l u l e  e s t  l a  première étape du c y c l e  d ' i n f e c t i o n .  

La reconnaissance v i r u s - c e l l u l e  a 1 i e u  e n t r e  l e s  q lycopro té ines  d 'enveloppe 

à l a  sur face  des v i r i o n s  e t  l e s  récep teurs  wembranaires c e l l u l a i r e s .  

Lorsque l e s  c e l l u l e s  ne possèdent pas l e  récep teur  spéc i f ique,  l a  c e l l u l e  ne 

peut  pas ê t r e  i n f e c t é e  ( v o i r  Tooze, 1973). B i e n  que l a  na tu re  b ioch imique des 

récepteurs s o i t  mal connue, l e s  techniques géné t i quesd 'hyb r i da t i on  de c e l l u l e s  

somatiques o n t  p e m i s  d ' i d e n t i f i e r  e t  de l o c a l i s e r  su r  d i f f é r e n t s  chromosones 

de 1 ' hô te  l e s  gènes codant pour ces molécules (Gazdar e t  a l ,  1974; Gadzar e t  a l ,  

1977; Oie e t  a l ,  1978). La présence ou l ' absence  de récepteurs pour  d i f f é r e n t s  

v i r u s  représente un carac tè re  génotypique s ~ é c i f i q u e  à chaque espèce e t  à chaque 

souche, suggérant que de t e l s  récepteurs v i r a u x  p o u r r a i e n t  j o u e r  d ' a u t r e s  r ô l e s  

dans l a  c e l l u l e .  

II - Synthèse d'ADN v i r a l  - ------------------ 

L ' a d s o r p t i o n  e t  l a  péné t ra t i on  du v i r u s  dans l a  c e l l u l e  sont  s u i v i e s  de l a  

synthèse pa r  l a  t r a n s c r i p t a s e  i nve rse  d'ADN v i r a l  dans l e  cytoplasme. 

C e l l e - c i  peu t  se pou rsu i v re  jusqu 'à  12 à 24 heures après i n f e c t i o n  (Varmus e t  

Shank, 1976) ( F i g u r e  4 ) .  T ro i s  formes majeures d'ADN l i n é a i r e  double b r i n  son t  

détectées dans l e s  ce11 u les  i n fec tées  : 

( 1 )  une forme dlP.DN l i n é a i r e  double b r i n  ( forme I I I )  complémentaire 

de 1'ARN v i r a l ,  

( 2 )  un ADN c i r c u l a i r e  double b r i n  ( forme 1)  de t a i l l e  i d e n t i q u e  à l a  

forme précédente, 

(3 )  un ADN p r o v i r a l  i n t é g r é  dans 1 'ADN de 1 'hô te .  

Chacune de ces formes peu t  ê t r e  mise en évidence dans l e s  c e l l u l e s  à d i f f é r e n t s  

temps après i n f e c t i o n  p a r  l e  v i r u s .  
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FIGURE 5 : ?lodèle de rétrotranscription de llAP,I\I v i r a l  en ADN 

(d'après Gil boa et al, 1979) 



L 'é tude  des d i f f é ren tes  étapes de l a  synthèse de 1'PDN v i r a l  j usqq 'à  son 

i n t é g r a t i o n  dans l e  chromosome de l ' h ô t e  a  é t é  pendant longtemps l i m i t é e  

p a r  l e  p e t i t  nombre de copies d'ADN v i r a l  p résen t  dans l e s  c e l l u l e s  i n f e c t é e s  

[généralement 10 copies d  'PDN v i  r a l  par  génome hap lo ïde  ( v o i r  Veinberg , 197711 

Le f a i b l e  nombre de cop ies  ne p e r m e t t a i t  pas l ' u t i l i s a t i o n  des techniques 

c lass iques de marquage r a d i o a c t i f  de 1  'ADN s u i v i  de chasse. Cet te  étude n ' a  

é t é  rendue poss ib l e  que grâce à l a  mise au p o i n t  des techniques p l u s  sens ib les  

d ' h y b r i d a t i o n  mo lécu la i r e .  L ' h y b r i d a t i o n  mo lécu la i r e  peu t  ê t r e  r é a l i s é e  s o i t  

en phase l i q u i d e  e n t r e  l 'ADN c e l l u l a i r e  f r a c t i o n n é  su r  g rad ien t  de césium ou 

de saccharose e t  un ADN v i r a l  r a d i o a c t i f  complémentaire syn thé t i sé  i n  v i t r o ,  

s o i t  en hyb r i dan t  avec des sondes ADH v i r a l  351 1  'ADN ce1 l u l a i r e  irnmobil i s é  [ 1 
s u r  membrane de n i t r o c e l l u l o s e  après f ract ionnement  en t a i l l e  pa r  m i g r a t i o n  

é l ec t ropho ré t i que  su r  ge l  d 'agarose [ l a  technique de Southern (1975 ) l .  

Ces de rn iè res  techniques permet ten t  de d é t e c t e r  de t r è s  p e t i t e s  q u a n t i t é s  d'ADN 

v i r a l  ( jusqu  ' à  10 p i  cogrammes) . L  ' o r d r e  dans 1  equel chacune des formes d  'ADN 

v i r a l  appa ra î t  a  é t é  p a r t i c u l i è r e m e n t  Gien é t u d i é  dans l e s  c e l l u l e s  de p o u l e t  

i n f ec tées  p a r  ASV (Khoury e t  Hanafusa, 1976; Shank e t  Varmus, 1978), e t  dans 

l e s  ce1 l u l e s  de s o u r i s  i n f e c t é e s  p a r  MuLV (Iqfeinberg , 1977; J o l  i coeu r  e t  Rassart ,  

1980; Yang e t  a l ,  1980). 

I I a  - Synthèse d'ADN V i r a l  l i n é a i r e  

Immédiatement après sa péné t ra t i on ,  1  'ARN v i r a l  s e r t  de ma t r i ce  à 1  a  synthèse 

d'ADN v i r a l  pa r  l a  ré t ropolymérase (Tay lo r  e t  a l ,  1976). L'ADN double b r i n  peu t  

ê t r e  dé tec té  dans l e  cytoplasme qua t re  heures après i n f e c t i o n  (Shank e t  Varmus, 

1978).Les mécanismes de synthèse de l'ADN v i r a l  double b r i n  o n t  é t é  é tud iés  s o i t  

en u t i l i s a n t  de l a  ré t ropolymérase p u r i f i é e  dans des systèmes r e c o n s t i t u é s  i n  v i t r o  

où tous l e s  composants o n t  é t é  d é f i n i s  au p réa lab le ,  s o i t  pa r  l a  c a r a c t é r i s a t i o n  

des p r o d u i t s  de synthèse dans l e s  c e l l u l e s  i n f e c t é e s  en c u l t u r e .  Le modèle l e  

p l u s  p robab le  de r é t r o t r a n s c r i p t i o n  a  é t é  proposé p a r  G i lboa  e t  a l  (1979) 

( v o i r  F i g u r e  5 ) .  Les d i f f é r e n t e s  étapes de l a  r e t r o t r a n s c r i p t i o n  peuvent 

ê t r e  d é c r i t e s  de l a  façon  su ivan te  : 

a. L 'a t tachement  d 'une amorce t R N A  de façon non covalente à une 

d i s tance  d ' env i r on  100 - 200 nuc léo t i des  de 1  'exprémi t é  5 '  du génome v i r a l  

(au s i t e  AT) s e r t  d t i n t i a t e u r  à l a  synthèse d 'un  ADN de p o l a r i t é  néga t i ve  ( - )  

(Dahlberg e t  a l ,  1974; v o i r  Tay lo r ,  1977). 

b. La r é t r o t r a n s c r i p t i o n  commence pa r  l a  synthèse d ' un  morceau complé- 

menta i re  de 100 - 150 nuc léo t i des  de long  appelé " s t r ong  s top  DNA" (Hase l t i ne  

e t  a l ,  1976) qu i  c o n t i e n t  1  ' i n f o r m a t i o n  5 '  - R - U5. 



Ce morceau d'ADN ( - )  e s t  l i é  de façon covalente au tRNA e t  sa t a i l l e  correspond 

à l a  d i s t ance  e n t r e  AT e t  l ' e x t r é m i t é  5 ' .  

c .  L'ADN R - 155 ( - )  "saute"  de s;l p o s i t i o n  d ' o r i q i n e  de l ' e x t r é m i t é  

5 '  du génome ARII à l ' e x t r é m i t é  3 '  de l a  mêrne sous-uni té  ou d'une sous-uni té  

d i f f é r e n t e  grâce à l a  séquence R aux ex t rémi tés  5 '  e t  3 '  du génome v i r a l  

(Hase l t i ne  e t  a l ,  1977; Schwartz e t  a l ,  1977). N i  l e  capuchon, n i  l e  po l y  A 

ne son t  copiés pa r  l a  ré t ropolymérase.  

d. Le morceau d'ADN ( - )  en p o s i t i o n  3 '  s e r t  d ' i n i t i a t e u r  a l a  synthèse 

d 'une cop ie  d'ADN s imp le  b r i n  qu i  s ' a r r ê t e  à l ' e x t r é m i t é  5 '  après l e  s i t e  

d 'a t tachement  de tRNA (AT). Personne n ' a  pu i s o l e r  de molécule s imp le  b r i n  

de p o l a r i t é  néga t i ve  possédant l a  r é g i o n  U5 à l ' e x t r é m i t é  5 '  (Rothenberg e t  

a l ,  1978; Novak e t  a l ,  1979). 

e. L ' i n i t i a t i o n  de l a  synthèse d 'une molécule d'ADN de p o l a r i t é  (t) 

( " p l u s  s t r o n g  s top  DNAi') cornfilence à l a  j o n c t i o n  e n t r e  l e  gène env e t  l a  r é g i o n  - 
U3 ( N i t r a  e t  a l ,  1979). Le s i t e  d 'at tachement du t R N A  s e r a i t  cop ie  avant l e  

détachement du t R N A  amorce, l eque l  ne s e r a i t  pas cop ié  (C i l boa  e t  a l ,  1979). 

f. Le f a i t  que l 'ADN " s t r o n g  s top  (+) "  possède des séquences AT 

homologues aux séquences AT du b r i n  d'ADN ( - )  permet un deuxierne sau t  de 1 'ADN 

(+) du cô té  3 ' à 1 ' e x t r é m i t é  5 ' (Gi 1 boa e t  a l  , 1979). 

g. L'ADN s t rong  s top  (+) s e r t  a l o r s  de m a t r i c e  à l a  cornplét ion du 

b r i n  ( - )  a ins i i ,que  d'amorce à l a  synthèse du b r i n  (+) .  L'ADN l i n é a i r e  double 

b r i n  i n t e r m é d i a i r e  a c q u i e r t  donc deux ex t rémi tés  i den t i ques  (U3 - R - U5) 

appelées LTR (pour  "Long - - Terminal - Sepeat") (Hsu e t  a l ,  1978; Shsnk e t  a l ,  

1978b). La p a r t i e  U3 de chaque LTR e s t  de longueur v a r i a b l e  su i van t  1 'espèce 

cons i dérée : - 250 nuc léo t i des  pour  l e s  v i r u s  a v i a i r e s  - 450 pour  l e s  v i r u s  mur ins de type C e t ,  - 1200 pour l e  v i r u s  MYTV de type B 

(Dhar e t  a l ,  1980; Ju e t  Skal  ka, 1980; Donehower e t  a l ,  1980). 

L'ADN l i n é a i r e  double b r i n  a i n s i  s y n t h é t i s é  représente une copie f i d è l e  de 

1 'ARN v i r a l  possédant à chaque e x t r é m i t é  des séquences r é i t é r é e s  (LTR). 

La présence de deux LTR suggère for tement  que l a  ré t ropolymérase e s t  t r a n s f é r é e  

deux f o i s  d 'une ma t r i ce  i l ' a u t r e .  L ' o r d r e  des séquences dans l 'ADN l i n é a i r e  

i n t e r m é d i a i r e  par  r a p p o r t  à 1'ARN v i r a l  e s t  donc : 

U3-R-U5 - AT - L - gag - @ - env - U3-R-U5 
(LTR 5 ' )  

- - 
(LTF? 3') 



I I b  - C i r c u l a r i s a t i o n  de l'ADN l i n é a i r e  

L'ADN c i r c u l a i r e  a  é t é  d é c r i t  exclusivement dans l e  noyau des c e l l u l e s  

i n f e c t é e s  (Guntaka e t  a l ,  1976; Shank e t  Varmus, 1978). On peut  l e  dé tec te r  

à p a r t i r  de 5 heures après l ' i n f e c t i o n ,  ce t e m ~ s  permet tan t  l a  synthèse d'ADN 

l i n é a i r e  e t  son t r a n s p o r t  dans l e  noyau (Khoury e t  Hanafusa, 1976). Tou te fo i s ,  

une p a r t i e  seulement des molécules 1 i n é a i  res syn thé t i sées  s e r a i e n t  c i r c u l a r i s é e s .  

Cer ta ines r2olécules s e r a i e n t  a l o r s  sé lect ionnées p r é f é r e n t i e l l e m e n t  à d ' a u t r e s  

sans que l ' o n  en connaisse l a  r a i son .  

L ' ana l yse  des formes c i r c u l a i r e s  d'ADN v i r a l  dans l e s  ce1 l u l e s  i n fec tées  

a é t é  grandement f a c i l i t é e  p a r  l ' u t i l i s a t i o n  des enzymes de r e s t r i c t i o n  e t  l e s  

techniques de clonage mol écu l  a i  r e .  La p l u p a r t  des mol écu l  es c i  r c u l  a i  res o n t  1  a  

t a i l l e  des molécules d'ADN l i n é a i r e  (avec deux rég ions  LTR). Cer ta ines formes 

c i r c u l a i r e s  e t  1  i n é a i  res ne possèdent qu 'une copie des séquences v i r a l e s  LTR 

peut  ê t r e  à cause d ' e r r e u r s  de t r a n s c r i p t i o n  par  l a  ré t ropolymérase ou à cause 

de recombinaisons e n t r e  l e s  séquences iden t iques  d'une même molécule.  Le c lonage 

mo lécu la i r e  des formes d'ADN c i r c u l a i r e  montre que l e s  deux LTR sont  j o i n t s  

1  'un à 1  ' a u t r e  à l e u r s  ex t rém i tés  (Hager e t  a l ,  1979; Goff e t  a l ,  1980). 

S i  1  ' on  s a i t  qar  l e s  études c i n é t i q u e s  que l a  forme l i n é a i r e  e s t  l e  précurseur  

de l a  forme c i r c u l a i r e ,  aucune expér ience n ' a  pu prouver  que l e s  formes c i r c u -  

l a i r e s  é t a i e n t  requises pour  l ' i n t é g r a t i o n  dans l e s  chromosomes de l ' h ô t e .  

P lus ieu rs  expér iences suggërent que 1 'ADN c i r c u l a i r e  e s t  1  a  forme qu i  s  ' i n t è g r e .  

Premiërement, l e  bromure d 'é th id ium,  agent i n t e r c a l a n t ,  b loque l a  c i r c u l a r i s a -  

t i o n  de 1 'ADN l i n é a i r e  e t  1  ' i n t é a r a t i o n  de 1 'ADN v i r a l  (Guntaka e t  a l ,  1975). 

Deuxièmement, l a  s o u r i s  possède un gëne (Fv-1) ( N a r t l e y  e t  a l  , 1970; Pincus e t  

a l ,  1971) q u i  i n h i b e  l a  c i r c u l a r i s a t i o n  de l'ADN v i r a l  e t  son i n t é g r a t i o n  sans 

pour  a u t a n t  empêcher l a  f o rma t i on  de mol écul  es d '  ADY i n te r rnéd ia i  r e  l i n é a i r e s  

( J o l i c o e u r  e t  Rassart ,  1980; Yang e t  a l ,  1980a). 

Cependant, des expér iences de t r a n s f e c t i o n  pa r  1  'ADN v i r a l  o n t  montré que 1 'ADN 

l i n é a i r e  e s t  i n t é g r é  avec une p l u s  grande e f f i c a c i t é  que l'ADN c i r c u l a i r e  

(Smotkin e t  a l ,  1976). E tan t  donné que 1 'ADN t r a n s f e c t a n t  e s t  nu, i 1 e s t  p o s s i b l e  

que 1 a conformat ion c i r c u l a i r e  superenroulée s o i t  un obs tac le  à l a  p é n é t r a t i o n  

dans l a  ce1 l u l e  ou à 1  ' i n t é g r a t i o n  elle-même lo rsque  1 'A,DN e s t  associé à des 

nuc léopro té ines .  Il e s t  c l a i r  que, dans l a  c e l l u l e ,  1'ADY e s t  assoc ié  à des 

nuc léopro té ines  e t  à c e r t a i n s  f a c t e u r s  du noyau probablement r e s ~ o n s a b l e s  de 

l a  c i r c u l a r i s a t i o n .  Par exemple, 1 ' a d d i t i o n  de cycloheximide, i n h i b i t e u r  de l a  



synthèse p ro té i que ,  à des c u l t u r e s  in fec tées  bloque l a  c i r c u l a r i s a t i o n  de l'ADN 

l i n é a i r e  e t  son i n t é g r a t i o n  (Yang e t  a l ,  1980b). 

I I c  - I n t é g r a t i o n  de l'ADN v i r a l .  

La preuve de 1  ' i n t é g r a t i o n  de l'ADN v i r a l  dans l ' A D N  c e l l u l a i r e  a  é t é  apportée 

p a r  l e s  expér iences de H i l l  e t  H i l l o v a  (1972).  En t r a n s f e c t a n t  l 'ADN de haut  

po ids m o l é c u l a i r e  de ce1 l u l e s  transformées p a r  un r é t r o v i r u s ,  i 1s o n t  pu 

t ransmet t re  l e s  carac tè res  de t rans fo rmat ion  à des c e l l u l e s  sa ines montrant 

que 1  'ADN c e l l u l a i r e  é t a i t  p o r t e u r  d  'une i n f o r m a t i o n  v i r a l e  à 1  ' é t a t  i n t ég ré .  

L'ADN v i r a l  e s t  i n t é g r é  dans 1  'ADN c e l l u l a i r e  à 1  ' é t a t  de p r o v i r u s  avec une 

p o l a r i t é  i d e n t i q u e  à c e l l e  de 1'ARN v i r a l ,  f l anqué à chaque e x t r é m i t é  par  un 

LTR (Shank e t  a l ,  1978b; Shank e t  Varmus, 1978; e t  v o i r  F i gu re  5 ) .  Ceci montre 

que 1  ' ADÎi v i r a l  c i r c u l a i r e  s u b i t  une recombinaison avec 1  'ADN ce1 l u l a i r e  de 

l ' h ô t e  aux ex t rém i tés  des LTRs (Shoemaker e t  a l ,  1980; Hish inuna e t  a l ,  1981). 

L 'ana lyse  de l a  séquence des LTR e t  des séquences c e l l u l a i r e s  adjacentes a  

~ e r m i s  de d é t e c t e r  une séquence de 4 nuc léo t i des  d ' o r i q i n e  c e l l u l a i r e ,  chez 

MuLV, répétée au s i t e  d ' i n t é g r a t i o n .  La présence d'une a u t r e  séquence répétée 

inversée  dans l a  r é g i o n  U3 à l a  j o n c t i o n  LTR - ADN c e l l u l a i r e  ( 1 1  nuc léo t i des  

chez MuLV) suggère que l e s  r é t r o v i r u s  o n t  des p r o p r i é t é s  d ' i n t é g r a t i o n  compara- 

b l es  aux transposons des bac té r i es  (Shapi ro ,  1379; Vande Iloude e t  a l ,  1979; 

Hager e t  a l ,  1979; Shimotohno e t  a l ,  1980; Cohen e t  Shapi r o ,  1980; Su t c l  i f f e  

e t  a l ,  1980). 

En général  , 1  es ce1 1  u l  es chroniquement i n f e c t é e s  pa r  1  es r e t r o v i  r us  possèdent 

une à t r o i s  copies de p r o v i r u s  p a r  ~énome haploïde.  O r  dans de nombreux cas, 

une cen ta ine  de copies d'ADN v i r a l  non i n tég rées  s 'accumulent dans l e  noyau 

24 heures aprës i n f e c t i o n ,  ce nombre de copies d iminuant  au cours des passages 

des c e l l u l e s  (Khoury e t  Hanafusa, 1976). On ne s a i t  pas s i  c e t  excès de formes 

non i n tég rées  r e f l è t e  une i n e f f i c a c i t é  du système de t r a n s p o r t  au noyau, une 

abondance de molécules d'ADN dé fec t i ves  incapables de s ' i n t é g r e r ,  une i n e f f i c a c i t é  

du processus d ' i n t é g r a t i o n  lui-même, ou b i e n  une r e s t r i c t i o n  à 1  ' i n t é g r a t i o n  

d ' au t res  copies p a r  une cop ie  i n tég rée .  Il e s t  peu probable que c e t t e  i n e f f i c a c i t é  

s o i t  due à une r e s t r i c t i o n  du nombre de s i t e s  p o t e n t i e l s  d ' i n t é g r a t i o n  p u i s q u ' i l  

e s t  p o s s i b l e  de démontrer que l ' i n t é g r a t i o n  se f a i t  à de nombreux s i t e s  dans 

l e s  chromosones d'une même c e l l u l e  hô te  (Keshet e t  Temin, 1978; Sabran e t  a l ,  

1979). L ' i n t é g r a t i o n  se f a i t  s o i t  au hasard à de nombreux s i t e s  dans l e s  chromo- 

somes, s o i t  à des s i t e s  n ' a y a n t  qu'une s p é c i f i c i t é  t r è s  f a i b l e .  



FIGURE 6 : T r a n s c r i p t i o n  de 1  'ADN p r o v i r a l  
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R - séquence r é p é t i t i v e  
U5 - séquence unique 5 '  
don. - s i t e  d ' é p i s s u r e  donneur 
acc. - s i  t e  d ' é p i s s u r e  accepteur 
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I I I  - T r a n s c r i p t i o n  de l 'ADN e r o v i r a l  -------- -------------- ------- 

La t r a n s c r i p t i o n  des ARNs messagers v i r a u x  pa r  1'ARN polymerase I I  c e l l u l a i r e  

( v o i r  Darne l l ,  1979; Rosenberg e t  Court ,  1979) e s t  i n i t i é e  dans l e  LTR du 

c ô t é  5 '  e t  e s t  terminée dans l e  LTR du cô té  3 '  de 1  'ADN p r o v i r a l  (Yamamoto e t  

a l  , 1980; Huang e t  a l ,  1981). Les séquences requ i ses  pour l a  promotion de 1  a  

t r a n s c r i p t i o n  son t  s i t uées  dans l a  r ég ion  U3 ( B l a i r  e t  a l ,  1980; Dhar e t  a l ,  

1980). E l l e s  comprennent une séquence r i c h e  en AT (ou "TATA box") q u i  détermine 

l e  s i t e d ' i n i t i a t i o n d e  l a  t r a n s c r i p t i o n  à 30 p a i r e s  de bases du s i t e  cap 

(Pribnow, 1975; Weil e t  a l ,  1979; Manley e t  a l ,  1979; Benois t  e t  Chambon, 1981; 

Flathis e t  Chambon, 1981). La t r a n s c r i p t i o n  de 1'ARN génomique t o t a l  se 

te rmine  par ln s ignal  de polyadenyl  a t i o n  (Proudfoot  e t  Brownlee, 1976). La r é g i o n  U3 

s i t u é e  aux deux ex t rém i tés  de l 'ADN p r o v i r a l  e s t  p a r t i c u l i è r e m e n t  impor tante 

c a r  e l l e  c o n t r ô l e  l ' i n i t i a t i o n  e t  l a  te rmina ison  de l a  t r a n s c r i p t i o n  (F igu re  6 ) .  

La q u a n t i t é  d'ARN v i r a l  t r a n s c r i t  dans l a  c e l l u l e  i n f e c t é e  représente 0 . 1  à 

1.0% de 1  'ARN c e l l u l a i r e  t o t 3 1  e t  5 à 8% de 1  'ARN po lyadenylé (Hay!ctard e t  

Hanafusa, 1973). Compte tenu du p e t i t  nombre de copies d'ADN p r o v i r a l  

( 1  - 20) par  r appo r t  au nombre de copies d'A9N v i r a l  [ j usqu 'à  10.000 copies 

dans l e s  c e l l u l e s  de p o u l e t  i n f e c t é e s  par  9SV (Hayward e t  Hanafusa, 1976)], 

l a  t r a n s c r i p t i o n  du p r o v i r u s  représente une a m p l i f i c a t i o n  énorme de l ' i n f o r -  

mat ion  v i r a l e .  

L ' e f f i c a c i t é  de l a  t r a n s c r i p t i o n  e s t  cependant t r è s  v a r i a b l e  comme c e l a  a  é t é  

montré dans des c e l l u l e s  de r a t  t ransformées p a r  ASV où on peut  t r o u v e r  des 

c lones q u i  n 'expr iment  peu ou pas dlARN v i r a l ,  ou d ' a u t r e s  expr imant  deux à 

t r o i s  ordres de grandeur en p l  us (Deng e t  a l  , 1977). 

L 'express ion  de 1'ARN v i r a l  peu t  ê t r e  aussi  t r è s  v a r i a b l e  e n t r e  des c lones 

d i f f é r e n t s  de c e l l u l e s  i n f e c t é e s  p a r  un v i r u s  non t rans fo rmant  (Goldberg e t  

a l ,  1975). De récentes études suggèrent que l a  v a r i a t i o n  de l a  t r a n s c r i p t i o n  

peu t  dépendre de 1  ' é t a t  de mé thy la t i on  de 1  'ADN p r o v i r a l  (Cohen, 1980; 

Stuhlmann e t  a l ,  1981). 

Ce r ta i ns  v i r u s  peuvent v o i r  l e u r  express ion a f f e c t é e  pa r  des agents hormonaux 

ou chimiques. Le m e i l l e u r  exemple e s t  c e l u i  du v i r u s  de l a  tumeur mammaire de l a  

s o u r i s  (MMTV) . L ' a d d i t i o n  de dexaméthasone ( g l u c o c o r t i c o ï d e  de synthèse) augmente 

de 10 à 1000 f o i s  l a  concen t ra t i on  d '  ARN v i r a l  dans l e s  c e l l u l e s  i n f e c t é e s  

(Parks e t  a l ,  1974; R ingo ld  e t  a l ,  1975; Young e t  a l ,  1977). L ' i n d u c t i o n  de l a  

t r a n s c r i p t i o n  dépend de l a  présence d'une séquence dans l a  r é g i o n  U3 de VMTV 

(Huang e t  a l ,  1981; Lee e t  a l ,  1981). 



AUG 

GAG POL ENV Ug R 

I l  I I 35 S 

i 
Pr 76 gag P 

pp19 pl0 ph7 pl5 pl2 
r A h * h M M *  

pll0p pot - t 

AUG 

FIGURE 7 : Traduc t ion  des ARNs messagers 

AUG - codon d ' i n i t i a t i o n  
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gp - g l ycop ro té i ne  
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L 'ana lyse  des ARNs v i r aux  messagers dans l e s  c e l l u l e s  de p o u l e t  i n f ec tées  pa r  

un ALV r é v è l e  deux espèces d'ARN messager de p o l a r i t é s  i den t i ques  à c e l l e s  du 

génome v i r a l  (Hayward, 1977; Weiss e t  a l ,  1977), 

l ' u n e ,  de c o e f f i c i e n t  de sédimentat ion 35s ( s o i t  env i r on  8000 nuc léo-  

t i d e s ) ,  représen tan t  l a  t o t a l i t é  du génome v i r a l ,  e t  

une a u t r e  de 21  S ( s o i t  env i r on  3600 nuc léo t ides)  représen tan t  l e  

p r o d u i t  de t r a n s c r i p t i o n  du gène - env. 

Chacune de ces espèces e s t  polyadénylée, possède l e  capuchon, l e s  séquences U5 

e t  L, a i n s i  que t o u t  ou p a r t i e  de l a  r é g i o n  3 '  du génome v i r a l  ( V e l l o n  e t  

Duesberg, 1977; !4eiss e t  a l ,  1977). Des r é s u l t a t s  semblables obtenus dans 

p l u s i e u r s  au t res  systèmes o n t  montré que l e s  espèces dlA.RNs messaqers sous- 

génomiques e t  de t a i l l e  égale au génome v i r a l  sont  détectées dans des c e l l u l e s  

i n f e c t é e s  p a r  d i f f é r e n t s  r é t r o v i r u s .  Dans tous l e s  cas, l e s  ARNs sous-génomiques 

procèdent  p a r  ép issure  (Rothenberg e t  a l ,  1978). Les analyses récentes des 

séquences d'ADN v i r a l  c loné  o n t  permis de l o c a l i s e r  l a  p o s i t i o n  d ' u n  s i t e  

d ' ép i ssu re  accepteur  à 1  'exprémi t é  5 '  du gène v i r a l  - env (Dhar, communication 

personnel l e ) .  

I V  - T raduc t i on  de 1  'ARN messager 
m m - - - - - - - - - - - - - - - - - - - - - - -  -- 

Les p ro té i nes  de s t r u c t u r e  ( p r o d u i t s  du gène - gag) e t  l a  rétropolyrnérase 

( p r o d u i t  du gène - p o l  ) sont  t r a d u i t e s  à p a r t i r  de 1 'ARN messager de t a i  1  l e  

i d e n t i q u e  à c e l l e  du génome v i r a l  a l o r s  que l e s  p ro té i nes  d 'enveloppe 

( p r o d u i t s  du gène - env) son t  t r a d u i t e s  à p a r t i r  du messager ép issé  (Rothenberg 

e t  a l ,  1978; Stephenson e t  a l ,  1978). Les p ro té i nes  v i r a l e s  son t  formées après 

c l i v a g e  de p ro té i nes  précurseurs (Eisenman e t  Yogt, 1978) ( v o i r  F i gu re  7 ) .  

Dans l e  système a v i a i r e ,  l e  gène - gag code pour une p r o t é i n e  p récurseur  de 

76.000 da l t ons  (Pr76gag) - q u i  e s t  ensui  t e  c l i v é e  en c i n q  p e t i t s  po lypep t ides  

c o n s t i t u t i f s  du nuc léoïde v i r a l  (Eisenman e t  a l ,  1974; Vogt e t  a l ,  1975). 

L ' o r d r e  des po lypep t ides  ( " p u )  dans l e  précurseur  e s t  NH2-pp19-p10-p27-p15-p 12- 

COOH. Chaque nombre représente l e  po ids  mo lécu la i r e  de chaque p r o d u i t  en m i l l i e r  

de da l t ons  (August e t  a l ,  1974). Chez l e s  r é t r o v i r u s  murins e t  f é l i n s ,  l a  p r o t é i n e  

gag précurseur  e s t  p l us  p e t i t e  (Pr65gag) - e t  code pour qua t re  po lypep t ides  dont  

l ' o r d r e  e s t  NH2-p15-pp12-p30-plO-COOH (Ar l inghaus  e t  a l ,  1976; Barbac id  e t  a l ,  

1976; Shapi ro  e t  a l ,  1976). 

Dans chacun des systèmes, 1  'un des po lypep t ides  obtenu après c l i v a g e  du précur-  

seur (pp19 ou pp12) e s t  phosphorylé avant  1  'assemblage du v i r i o n  (Pal  e t  Roy- 

Burman, 1976; L a i ,  1976; Sen e t  a l ,  1977). 



La suppression occas ionne l le  du codon de te rmina ison  du qène gag amène à l a  

f o rma t i on  d 'une molécule précurseur  de 180.000 da l tons  ( P r l 8 0 ~ - p o l )  - par  

l e c t u r e  con t inue  des gènes - gag e t  - p o l  (Ke r r  e t  a l ,  1976; Oppermann e t  a l ,  

1977; Jamjoom e t  a l ,  1977). Pr l80gag-pol  -- possède l a  p ro té i ne  p récurseur  du 

gène gag a i n s i  que l a  rétropolymérase. Le c l i v a g e  de Pr l80gag-pol  donne l a  -- 
rétropolymérase, également incorporée  dans l e  v i r i o n .  La f a i b l e  q u a n t i  t é  de 

Pr l80gag-pol  p a r  r appo r t  à P r 7 6 ~  suggère que l a  suppression du s i g n a l  de 

te rmina ison  a l i e u  seulement pour un évènement de t r a d u c t i o n  s u r  v i n g t .  

Dans l e  système a v i a i r e ,  l e  premier  p r o d u i t  de t r a d u c t i o n  de 1'ARN messager 

du gène - env e s t  un p r é c i ~ r s e u r  (Pr70env) - (England e t  a l ,  1977; F loe l l i ng  e t  

Hayami , 1977). Ce po l ypep t i de  e s t  ensui  t e  g l ycosy lé  pour former  un p r o d u i t  

i n t e r m é d i a i r e  (gPr92).  A l a  f i n  du processus de g l ycosy la t i on ,  gPr92 e s t  c l i v é  

en deux g lycopro té ines  (gp85 e t  gp37) r e l i é e s  e n t r e  e l l e s  p a r  un pon t  d i s u l f u r e .  

Chez l e s  v i r u s  de mammifères, l e s  g l ycop ro té i nes  d'enveloppe ($070 e t  p15E) 

son t  formées p a r  un mécanisme t o u t  à f a i t  semblable (Famular i  e t  a l ,  1976; 

Naso e t  a l ,  1976; Shapi ro  e t  a l ,  1976). L ' o r d r e  des po lypep t ides  dans l e s  molé- 

cu les  précurseurs e s t  NH2-gp85-gp37-COOH e t  NH2-gp70-p15E-COOH (ou 'E" veut 

d i r e  - enveloppe pour  d i s t i n g u e r  p15E de p15gag) - (Ikeda e t  a l ,  1975). 

V - Assemblage des p a r t i c u l e s  v i r a l e s  -------- ------ ----------------- 

Les p ro té i nes  v i r a l e s  s o n t  syn thé t i sées  dans d i f f é r e n t e s  p a r t i e s  de l a  c e l l u l e .  

Les g lycopro té ines  d'enveloppe son t  t r a d u i t e s  pa r  l e s  polyr ibosomes l i é s  aux 

membranes i n t r a c e l  1  u l  a i  r es  e t  t ranspor tées  à l a  su r face  ce1 l u 1  a i r e  à t r ave rs  

l e  r e t i  culum endopl asmique (Watson, 1976). Comme d 'au t res  p ro té i nes  s e c r é t r i  ces 

(Ey la r ,  1965; Redman e t  a l ,  1966; Redman, 1969; Saba t i n i  and B lobe l  , 1970), 

1 ' a d d i t i o n  de sucres a 1 i e u  dans l e s  c i t e r n e s  du r e t i c u l u m  endoplasmique e t  à 

l a  su r f ace  de l a  c e l l u l e ;  e l l e  e s t  ca ta lysée  pa r  l e s  g l ycosy l t r ans fe rases  de 

l a  ce1 l u l e -hô te .  Les mol écules r e s t e n t  associées à l a  membrane plasmique, proba- 

blement en t a n t  que composants transmembranaires, e t  sont  l o c a l i s é e s  aux s i t e s  

de fo rmat ion  des v i r i o n s  ( I l l i t t e  e t  YJeissrnan, 1976; Famular i  e t  a l ,  1976; W i t t e  

e t  a l ,  1977). 

Par  con t re ,  l a  p r o t é i n e  p récurseur  du gène - gag e t  l a  ré t ropolymérase sont  

syn thé t i sées  su r  l e s  polyribosomes l i b r e s  dans l e  cytoplasme (Edwards e t  

Fan, 1979; S c h u l t z  e t  a l ,  1979). Le mécanisme p a r  leque l  e l l e s  son t  t ranspor tées  

à l a  sur face  i n t e r n e  de l a  membrane plasmique e s t  encore mal connu. La format ion 

des p a r t i c u l e s  de type  C commence à l a  sur face  i n t e r n e  de l a  membrane plasmique 
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p a r  assemblage des p ro té i nes  de l a  nucléocapside v i r a l e .  L ' i n c o r p o r a t i o n  

dlARN v i r a l  dans l e  nuc léofde s u i v i e  du bourgeonnement des p a r t i c u l e s  aux s i t e s  

des g l ycop ro té i nes  d'enveloppe termine l e  c y c l e  de r é p l i c a t i o n  du v i r u s  e t  donne 

naissance à des p a r t i c u l e s  capables de r é i n f e c t e r  d ' a u t r e s  c e l l u l e s .  

D - POTENTIEL ONCOGENE des VIRUS NON DEFECTIFS 

1 - C e l l u l e s  c i b l e s  --------------- 
Parmi l e s  nombreux v i r u s  oncogènes de type C, l a  c lasse  l a  p l u s  répandue e s t  

représentée par  l e s  v i r u s  capables de provoquer des leucémies chroniques chez 

1 'animal après une pér iode  de l a t e n c e  re la t i ve rsen t  longue su i van t  1 ' i n f e c t i o n  

( t r o i s  mois à deux ans) ( v o i r  G ra f  e t  Beug, 1978; Sherr  e t  Todaro, 1979). 

Chez l a  sou r i s ,  l ' é t i o l o g i e  des v i r u s  de type  C l e s  l i e  aux lymphomes spontanés 

ou r a d i o i n d u i t s  desquels o n t  é t é  i s o l é s  p l u s i e u r s  v a r i a n t s  génét iques v i raux  

provoquant 1 a même néopl a s i e  (Gross , 1960; Gross , 1974; Kapl an, 1967; Kapl an, 1974).  

Q u ' e l l e  s o i t  spontanée ou expérimentalement i n d u i t e ,  l a  leucémie d o i t  ê t r e  l e  

r é s u l t a t  d 'une i n t e r a c t i o n  i n t i m e  e n t r e  l e  v i r u s  e t  l a  c e l l u l e  c i b l e .  

La grande m a j o r i t é  des v i r u s  leucémiques murins (FluLV) e t  f é l i n s  (FeLV) p r o d u i t  

des leucemies lyrnphocytaires des c e l l u l e s  de type T ( dé r i vées  du thymus). 

B ien  que n ' é t a n t  pas l e  seu l  organe où l e  v i r u s  pu isse se r é p l i q u e r ,  l e  thymus 

possède des c e l l u l e s  c i b l e s  suscep t i b l es  à l ' a c t i o n  du v i r u s  oncogène (Kaplan, 

1974). L ' a b l a t i o n  néonata le  du thymus chez des s o u r i s  (souche AKR) i n h i b e  d r a s t i -  

quement l ' i n c i d e n c e  des leucémies spontanées a l o r s  que l ' a b l a t i o n  de l a  r a t e  n ' a  

aucun e f f e t  (Fur th ,  1946; Kaplan, 1974). La s u s c e p t i b i l i t é  du thymus au v i r u s  

e s t  maximale à l a  naissance (Kaplan, 1967) e t  d é c r o i t  pa ra l l è l emen t  à 1 ' i n v o l u -  

t i o n  de 1 'organe au cours de l a  cro issance.  L ' i r r a d i a t i o n  d'animaux adu l tes  p a r  

de f a i b l e s  doses de rayons X e n t r a î n e  l a  d i f f é r e n t i a t i o n  i n t r a thym ique  de 

nouveaux lymphocytes de t ype  T e t  r es tau re  en p a r t i e  l e  n iveau  de s u s c e p t i b i l i t é  

néonata le  aux v i r u s  leucémogènes (Kaplan, 1967). 

Dans l e  système a v i a i r e ,  l e s  c e l l u l e s  c i b l e s  du système hématopoïét ique des 

v i r u s  leucémiques lymphoïdes (LLV) son t  l e s  lymphocytes immatures de type B 

l o c a l i s é s  dans 1 a bourse de Fab r i  c i u s  (Graf  e t  Beug , 1978) ( v o i r  F i g u r e  8) .  

Les pou le t s  bursectomisés ne son t  p l u s  suscep t ib les  aux v i r u s  LLVs (Peterson 

e t  a l ,  1964; Purchase e t  Gilmour, 1975), mais peuvent ê t r e  rendus à nouveau 

suscep t i b l es  p a r  r é i m p l a n t a t i o n  de ce1 1 u l e s  de 1 a bourse (Purchase e t  G i  lrnour, 

1975; Purchase e t  a l ,  1977). 



La p l u p a r t  des néoplasmes apparus na tu re l lement  chez l e s  pou le t s  possèdent 

des v i r u s  leucémiques lymphoïdes q u i  son t  t r ansm iss ib l es  e t  q u i ,  b i e n  q u ' é t a n t  

l a  cause p r i n c i p a l e  de leucémies lymshoides de type  B,  provoquent aussi  des 

ostéopétroses , néphrobl  astomes, é r y th rob las toses ,  e t ,  avec une fréquence 

moins grande, des endothéliomes e t  des sarcomes (Rurmester e t  Fredr ickson,  1964). 

Chez l e s  oiseaux bursectomisés, on observe une augmentation de l ' i n c i d e n c e  

d 'os téopé t rose  a l o r s  que c e l l e  de l ' é r y t h r o b l a s t o s e  r e s t e  inchangée (Peterson 

e t  a l ,  1964; Peterson e t  a l ,  1966; Purchase e t  Gilmour, 1975). Ce t te  hé té ro -  

géné i té  p o t e n t i e l l e  du spec t re  oncogénique i nd ique  que l e s  fac teurs  aussi  b i e n  

ce1 1 u l  a i  res que v i  raux do i  vent déterminer  l e  r é s u l  t a t  de 1 ' i n t e r a c t i o n  

v i  rus-hôte.  

II - Défense de 1 ' hô te  ----------------- 

La réponse immun i ta i re  de l ' h ô t e  c o n s t i t u e  l e  déterminant  majeur de l ' i n t e r a c t i o n  

v i r u s - c e l l u l e  c i b l e .  Chez l a  sou r i s ,  1 ' i n f e c t i o n  v i r a l e  e s t  s u i v i e  de l a  produc- 

t i o n  d ' a n t i c o r p s  d i r i g é s  con t re  l e s  g lycopro té ines  d'enveloppe du v i r u s  

( I h l e  e t  a l ,  1974; Hunsmann e t  a l ,  1975; I h l e  e t  a l ,  1976; Stephenson e t  a l ,  

1976). La f o rma t i on  d ' a n t i c o r p s  ant i -qp70 permet de n e u t r a l i s e r  l ' i n f e c t i v i t é  

du v i r u s  e t  empêche sa propagat ion.  

Les gènes de l a  réponse immun i ta i re  ( " I R  qènes") aussi  exprimés dans l e s  

lymphocytes son t  également nécessaires à une reconnaissance e f f i c a c e  des 

ant igènes v i r a u x  (Lee e t  I h l e ,  1979; Lee e t  I h l e ,  1981). D 'au t res  ~ r o d u i t s  non 

r e l i é s  aux a n t i c o r p s  t e l s  que l e s  f ac teu rs ,  l i pop ro té i ques  de n e u t r a l i s a t i o n  du 

sérum, dépendants du complément, peuvent aussi  j oue r  un r ô l e  dans l a  neu t ra r  

l i s a t i o n  du v i r u s  (Levy e t  a l ,  1975). Les animaux virémiques é t a n t  beaucoup 

p lus  suscep t i b l es  aux leucémies que ceux q u i  c o n t r ô l e n t  l a  d issémina t ion  du 

v i r u s ,  une réponse immun i ta i re  e f f i c a c e  peut  d iminuer  sensiblement l ' i n c i d e n c e  

de l a  maladie (Essex, 1975). 

La première étape de l ' i n f e c t i o n  v i r a l e  é t a n t  l a  reconnaissance e n t r e  l e  v i r u s  

e t  sonrécep teur  c e l l u l a i r e ,  l a  na tu re  du gène - env e t  des gènes c e l l u l a i r e s  q u i  

codent pour  l e s  récepteurs spéc i f i ques  régu le  donc l a  p é n é t r a t i o n  des c e l l u l e s  

pa r  l e  v i r u s .  B i e n  que l a  présence de récepteurs ne s o i t  pas r u f f i s a n t e  pour  

é t a b l i r  l a  s u s c e p t i b i l i t é  c e l l u l a i r e  ( L i l l y  e t  Pincus, 1973; Sveda e t  a l ,  1974; 

Lemons e t  a l ,  1977; O 'Br ien  e t  a l ,  1978; Brown e t  a l ,  1979), l e s  c e l l u l e s  q u i  

son t  d é f i c i e n t e s  pour ces récepteurs son t  r é s i s t a n t e s  à 1 ' i n f e c t i o n  ( v o i r  Weiss , 
1975) . 



Les c e l l u l e s  lymphoïdes q u ' e l l e s  s o i e n t  d ' o r i g i n e  thymique ou myelo ide 

(lymphocytes de type  B ou dér ivées de l a  moe l le )  expr iment un nombre r e l a t i -  

vement é levé  de récepteurs de l a  g l ycop ro té i ne  d'enveloppe du v i r u s  de Rauscher 

MuLV (De Larco e t  a l ,  1976; De Larco e t  a l ,  1978; YcGrath e t  Weissman, 1979). 

D 'au t res  gènes c e l l u l a i r e s  peuvent empêcher l a  r é p l i c a t i o n  v i r a l e  après péné- 

t r a t i o n  du v i r u s  dans l a  c e l l u l e  ( v o i r  L i l l y  e t  Pincus, 1973). 

Chez l a  s o u r i s ,  l e  locus  Fv-1 ( H a r t l e y  e t  a l ,  1970; Pincus e t  a l ,  1971) 

c o n t r ô l e  l a  c i r c u l a r i s a t i o n  e t  l ' i n t é g r a t i o n  de l ' A D N  p r o v i r a l  p a r  un mécanisme 

encore mal connu ( J o l i c o e u r  e t  Rassart ,  1980; Yang e t  a1,1980a). 

Chez l'homme, l e  locus  Bevi ,  l o c a l i s é  sur  l e  chromosome 6 ,  c o n t r ô l e  l ' i n t é g r a t i o n  

de c e r t a i n s  v i r u s  venant des pr imates conduisant  à l ' i n h i b i t i o n  de l ' e x p r e s s i o n  

des gènes v i r a u x  (Lemons e t  a l ,  1977; Lemons e t  a l  1978; Brown e t  a l ,  1979). 

Un locus  génét ique c o n t r ô l a n t  l a  r é p l i c a t i o n  v i r a l e  a  é t é  l o c a l i s é  sur  l e  

chromosome X du cha t  (O'Br ien,  1976; O 'Br ien  e t  Simonson, 1978). 

L ' i n t e r f é r o n ,  s y n t h é t i s é  par  l e s  c e l l u l e s  i n fec tées ,  i n h i b e  l a  synthèse des 

p ro té i nes  v i r a l e s  e t  r e t a r d e  l a  ma tu ra t i on  des v i r i o n s  sans exercer  d ' e f f e t  

majeur sur  l a  synthèse des p ro té i nes  c e l l u l a i r e s  (Friedman e t  a l ,  1975). 

Le f a i t  que l e s  v i r u s  de type  C i n d u i s e n t  des néoplasmes p ré fé ren t i e l l emen t  

dans l e s  organes c i b l e s  lymphocytai  res suggère qu 'i 1 d o i t  e x i s t e r  un équi  1  i b r e  

s u b t i l  e n t r e  l a  r é p l i c a t i o n  v i r a l e  dans l e s  t i s s u s  c i b l e s  e t  l a  réponse immuni- 

t a i r e  des ce1 1 u l es  c i b l e s  au v i r u s .  Les ce1 1 u l es  lymphoïdes pro1 i f é r a n t e s ,  

rec ru tées  pour  répondre aux ant igènes v i r aux ,  p o u r r a i e n t  el les-aêmes ê t r e  

i n f e c t é e s  e t  deven i r  incapables de r e m p l i r  l e u r  r ô l e  phys io log ique  (Lee e t  

I h l e ,  1979; Lee e t  I h l e ,  1981). Le s t imu lus  e n t r a î n a n t  l a  d i v i s i o n  chronique 

des c e l l u l e s  lymphoïdes p o u r r a i t  éventue l lement  causer un dévelo~pement  de 

c e l l u l e s  néoplasiques parmi l e s  c e l l u l e s  p r o l i f é r a n t e s .  Ceci donne ra i t  naissance 

à des c e l l u l e s  q u i  se d i v i s e r a i e n t  indépendamment du s t imu lus  an t igén ique  

v i r a l .  Ce modèle propose que l e  v i r u s  serve d ' an t i gène  a i n s i  que de mutagène. 

E - LES VIRUS ENDOGENES 

1 - Les gènes v i r a u x  à 1  ' é t a t  l a t e n t  ---- ........................... 
L ' e x i s t e n c e  d'une i n f o r m a t i o n  génét ique v i r a l e  i n d u c t i b l e  présente à l ' é t a t  

l a t e n t  chez l ' h ô t e  a é t é  démontrée pa r  l e s  expér iences c lass iques  de Gross en 

1951 (Gross, 1951a; Gross 1951b). L ' i n o c u l a t i o n  d ' e x t r a i t s  ce1 l u l a i r e s ,  

préparés à p a r t i r  de lymphomes apparus spontanérnent chez l e s  souches de s o u r i s  

à haute i nc i dence  de leucémie &KR ou C58, augmentai t  considérablement l e  taux 



de leucémies lymphatiques chez des souriceaux nouveaux-nés, appartenant aux 

souches à basse incidence de leucémie, C3H ou C57Br. Les agents responsables 

de leucémies sepsont  avérés ê t r e  des virus leucé~iques de type C transmis de 

façon génétique (ou vert icale)  dans les souches d'oripine (Gross, 1958). 

Peu après, Lieberman e t  Kaplan (1959) o n t  démontré la  présence de virus 

leucémique dans les tumeurs de souris induites par irradations aux rayons X. 

Ce virus leucémique de souris q u ' i l s  ont appelé "radiation leukernia virus" 

ou RadLV induisait  des tumeurs lymphoïdes après inoculation à des souris non 

irradiées.  Ces résul ta ts  montraient pour la  première fois que les animaux sont 

porteurs d'éléments génétiques capables de donner naissance à un  rétrovirus 

infectieux. 

Par l a  su i te ,  d 'autres auteurs ont décrit  dans les cellules normales de poulet 

la transmission mendéliene d'un gène dominant autosomal codant pour la production 

d'un antigène viral spécifique de groupe, "4s" (pour - groupe - specific) (Payne 

e t  Chubb, 1968). Weiss (1969) e t  Hanafusa e t  al (1970) ont rapporté l a  production 

d'un facteur,  "chf" (pour - chick - helper - f ac to r ) ,  chez l e  poulet. Ce produit, 

détecté dans les cellules non infectées, e s t  capable de complémenter e t  de 

rendre infectieux l e  virus sarcomatogène aviaire de Bryan (BrRSV) défectif 

pour la  glycoprotéine d'enveloppe. 

Depuis ces expériences, i l  a é té  montré que l ' an t i j ène  gs e s t  u n  produit du  

gène viral go3. e t  que chf e s t  u n  produit du gène - env. La présence de ces protéines 

démontre l 'existence d'une information génétique virale ,  intégrée dans la lignée 

germinale des poulets, e t ,  transmise de façon verticale en tant que gènes viraux 

"endogènes". En 1971, Vogt e t  Fr i is  ont décri t  l a  production spontanée d ' u n  virus 

endogène du poulet dans la  lignée 100, amenant l a  preuve biologique de la  présence 

de séquences virales endogènes capables de donner naissance à des virus 

infectieux complets. 

Tout comme les souris ou les  poulets qui peuvent exprimer des gènes endogènes, 

les cel lules  de souris en culture (n'exprimant aucun virus ?endant plusieurs 

centaines de générations) peuvent se mettre à produire spontanément des rétro- 

virus (Todaro, 1972). De pl us, des ce1 1 ul es ,  chez 1 esquel 1 es aucune expression 

des gènes viraux n 'es t  détectable, peuvent ê t r e  induites à produire des virus 

de type C par  l es  pyrimidines halogénées (Lowy e t  a l ,  1971; Aaronson e t  a l ,  1971). 

Les virus induits par les agents chimiques ne peuvent en général pas se répliquer 

dans les  cellules d o n t  i l s  sont issus,  mais peuvent ê t r e  transmis à des cellules 



hétéro logues (Levy, 1973; r,aronson e t  Stephenson, 1973; Benveniste e t  a l ,  1974b; 

Sherr  e t  a l ,  1974b). Le f a i t  que l e s  c e l l u l e s  de p l us i eu rs  espèces animales 

s o i e n t  capables de p r o d u i r e  des r é t r o v i r u s  spontanément ou après i n d u c t i o n  

( L i e b e r  e t  a l ,  1973), montre que chacune de ces espèces possède des gènes 

capables de coder pour des p a r t i c u l e s  i n f e c t i e u s e s .  

II - Polymorphisme des l o c i  v i r aux  --- --- ..................... 

Des séquences nuc léo t i d i ques  homologues aux r e t r o v i r u s  on t  é t é  révé lées  dans 

1 'ADN de t i s s u s  sa ins  de nombreuses espèces animales aussi b i e n  a v i a i r e s  

(Baluda, 1972; Nieman, 1973) e t  murines (Chattonadhyay e t  a l ,  1974) que porc ines 

(Todaro e t  a l ,  1974), f é l i n e s  (sa luda e t  Roy-Bgrrnan, 1973; Benvenis te  e t  a l ,  

1975b) e t  simiennes (Benvenis te  e t  a l ,  1974a; v o i r  aussi  revue par  Todaro, 1977). 

Ces séquences v i r a l e s  endogènes sont  présentes en copies m u l t i p l e s  (est imées de 

5 à 50) dans l e s  c e l l u l e s  somatiques e t  germinales de tous l e s  i n d i v i d u s  d'une 

même espèce. Des études biochimiques u t i l i s a n t  l e s  enzymes de r e s t r i c t i o n  e t  l e  

clonage mo lécu la i r e  de cènes on t  ~ e r r n i s  d ' é t u d i e r  de façon t r è s  p r é c i s e  l e  

nombre e t  l a  s t r u c t u r e  des v i r u s  endogènes. L 'ana lyse  de l 'ADN de p o u l e t  ou de 

s o u r i s  sa ins montre une t r è s  grande hé té rogéné i té  des l o c i  v i r aux  d 'une souche 

à l ' a u t r e  e t  même d 'un  animal à l ' a u t r e .  A i n s i ,  chez l e  pou le t  domestique, 15 l o c i  

d i f f é r e n t s  on t  é t é  i d e n t i f i é s  appelés EV (pour  - endogenous - v i r u s )  e t  numérotés 

de 1 à 15 ( A s t r i n ,  1978; A s t r i n  e t  a l ,  1979b). Chacun de ces l o c i  e s t  unique 

en ce q u i  concerne son taux  d 'express ion,  sa s t r u c t u r e ,  e t  ses p r o d u i t s  de 

t r a n s c r i p t i o n  (Hayward e t  a l ,  1979). On a i d e n t i f i é  chez l a  s o u r i s  p l u s  de 

15 copies de v i r u s  endogènes hotvologues aux génomes des v i r u s  leucémiques murins 

( S t e f f e n  e t  Weinberg, 1978). 

III - Transmission des virogènes endoaènes ..................... -------------- 

Comme l e s  au t res  gènes c e l l u l a i r e s ,  l e s  v i roqènes endogènes, i n t é g r é s  dans l e s  

chromosomes de l ' h ô t e ,  son t  t ransmis dans l a  l i g n é e  g e r v i n a l e  en s u i v a n t  l e s  

l o i s  de Mendel. L ' a c t i v a t i o n  des l o c i  v i r aux  endogènes non d é f e c t i f s  donne l i e u  

à l a  p roduc t ion  de p a r t i c u l e s  v i r a l e s  i n f e c t i e u s e s  qu i  peuvent ê t r e  t ransmises 

de c e l l u l e  à c e l l u l e ,  ou même, d ' un  animal à l ' a u t r e .  

Dans l a  nature,  il semble que l e s  r é t r o v i r u s  de type  C so ien t  capables de t r a n s f e r t  

d ' i n f o r m a t i o n  génét ique e n t r e  des espèces q u i  ne sont  pas r e l i é e s  phy logénét ique-  

ment . 



Todaro e t  ses co l lègues  o n t  montré que l e  v i r u s  endogène du babouin e t  l e  v i r u s  

endogène du cha t  on t  une o r i g i n e  commune (Sherr  e t  a l ,  1974a; Todaro e t  a l ,  1974b; 

Sher r  e t  Todaro, 1974; Benvi s t e  e t  Todaro, 1974). Le v i r u s  endogène du chat  

p r o v i e n t  d 'un  v i r u s  ances t ra l  des singes de l ' a n c i e n  monde qu i  a u r a i t  i n f e c t é  

un ancë t re  du chat  domestique p l u s  récemment ( i l  y a env i r on  5 m i l l i o n s  d 'années) .  

L ' i n f e c t i o n  a u r a i t  eu l i e u  dans une rég ion  géographique re l a t i vemen t  l i m i t é e  

(Benvenis te  e t  Todaro, 1974). D 'au t res  exemples de t r answ iss ion  in ter -espèces des 

r é t r o v i r u s  o n t  é t é  d é c r i t s  p a r  l a  s u i t e  (Benveniste e t  a l  19755; L i ebe r  e t  a l ,  

1975; Benvenis te  e t  Todaro, 1975a). 

L ' i n t é g r a t i o n  d 'un  v i r u s  exogène dans l a  l i g n é e  germinale de l ' h ô t e  e t  l ' é t u d e  

de sa t ransmiss ion  génét ique a é t é  r é a l i s é e  en l a b o r a t o i r e  par  Jaenisch 

(Jaenisch e t  a l  , 1975; Jaenisch , 1976). En dépassant l e s  1 i m i t e s  organotrop iques 

des v i r u s  rluLV p a r  i n f e c t i o n  de b l as tocys tes  de sou r i s  au stade 4-8 c e l l u l e s  

e t  en t r a n s p l a n t a n t  ceso c e l l u l e s  dans des s o u r i s  mères adopt ives,  il a pu 

o b t e n i r  des s o u r i s  non leucémiques q u i  possèdent l e  v i r u s  endogène MuLV i n t é g r é  

dans t ou tes  l e u r s  c e l l u l e s .  Le croisement de ces s o u r i s  avec des s o u r i s  non 

i n f e c t é e s  a montré que l e s  gènes acquis expérimentalement é t a i e n t  h é r i t é s  de 

façon autosomal e (Jaenisch , 1977) 

Comme chez ce r t a i nes  souches, l e s  leucémies spontanées chez ces s o u r i s  é t a i e n t  

associées à l ' a c t i v a t i o n  d'éléments v i r a u x  à l ' é t a t  l a t e n t  a i n s i  qu 'à  l e u r  

r é i n t é g r a t i o n  e t  l e u r  r é p l i c a t i o n  dans l e s  t i s s u s  c i b l e s  (Jaenisch e t  a l ,  1975; 

Berns e t  Jaenisch, 1976). 

La pe rs i s tance  des r e t r o v i r u s  à l ' é t a t  endogène vendant des  ill lions d'années 

e t  l e u r  é v o l u t i o n  comparable à c e l l e  des gènes c e l l u l a i r e s  a appor té  une n o u v e l l e  

approche à 1 'é tude  de 1 ' é v o l u t i o n  des espèces (Benveniste e t  a l ,  1975a; Benvenis te  

e t  Todaro, 1976) e t  a permis en conséquence d ' é t u d i e r  q u e l l e  pouva i t  ê t r e  l ' o r i g i n e  

des r é t r o v i r u s .  11 e s t  génaralement admis que l a  c e l l u l e ,  pa r  mesure d'économie, 

ne conserve que 1 ' i n f o r m a t i o n  génét ique nécessai re  à son développement, 1 ' i n f o r -  

mat ion non u t i l e  é t a n t  r e j e t é e .  On peut  a l o r s  se demander comment e t  pourquoi 

l e s  r é t r o v i r u s  o n t  p e r s i s t é  pendant s i  lonqtemps chez 1 'an imal ,  s ' i l s  jouen t  un 

r ô l e  phys io log ique  p a r t i c u l i è r e m e n t  impor tan t  pour l a  c e l l u l e ,  e t  q u e l l e  e s t  

l e u r  o r i g i n e .  

C ' e s t  à ces ques t ions  qqe nous essaierons de répondre dans l a  première p a r t i e  

de c e t t e  thèse. En p a r t i c u l i e r ,  nous é tud ie rons  l ' o r i g i n e  de v i r u s  endogène 

chez l e s  espèces a v i a i r e s .  



LES RETROVI RUS : VECTEURS de GENES CELLULAIRES 

L ' u n  des grands i n t é r ê t s  p o r t é  à c e r t a i n s  r é t r o v i r u s  r é s i d e  sans aucun doute 

dans l e u r  pu i ssan t  pouvo i r  oncogène. A ins i ,  con t ra i rement  aux v i r u s  de leucémies 

chroniques, q u i  provoquent des leucémies lymphoïdes chez 1 'animal après une 

longue pér iode  de la tence ,  l e s  v i r u s  sarcomatogènes e t  l e s  v i r u s  des leucémies 

aiguës provoquent des néoplasmes deux à t r o i s  semaines après i n f e c t i o n .  

1 - Virogènes ---- ------------ e t  oncogènes ---- 

Les r é t r o v i r u s  des leucémies chroniques peuvent ê t r e  comparés à des b a c t é r i o -  

phages tempérés pour ce q u i  concerne ce r t a i nes  de l e u r s  p r o p r i é t é s  b i o l og iques .  

Les ADNs p rov i r aux  peuvent ê t r e  i nsé rés  à p l u s i e u r s  s i t e s  d i f f é r e n t s  dans l e  

génome c e l l u l a i r e  de l ' h ô t e ,  peuvent p e r s i s t e r  à l ' é t a t  l a t e n t ,  e t  peuvent ê t r e  

i n d u i t s  p 3 r  de nombreux agents chimiques ou physiques ( v o i r  Bishop, 1978). 

Dans l e  cas du bactér iophage lambda, une des conséquences à ces i n s e r t i o n s  

m u l t i p l e s  e s t  l e  développement occasionnel de phases recombinants q u i  t r ansdu i sen t  

des gènes bac té r iens .  

L ' exp ress ion  d ' un  gène c e l l u l a i r e  a i n s i  t r a n s d u i t  se t r ouve  a l o r s  régu lée  p a r  

l e s  éléments de c o n t r ô l e  du vec teur .  L ' i n f e c t i o n  des c e l l u l e s  p a r  un phage 

recombinant tempéré peu t  a l o r s  condui re  à une express ion aberrante du gène 

c e l l u l a i r e  dans l e  nouvel hôte (l.latson, 1976). 

Par ana log ie  avec l e s  systèmes procaryotes,  il é t a i t  l og ique  de penser que l e s  

r é t r o v i r u s  ( "v i rogènes" )  pouvaient  acqué r i r  des gènes ce1 l u l a i r e s  ("oncogènes") 

(Huebner e t  Todaro, 1969) à p a r t i r  du m a t é r i e l  génét ique de l 'hô te  par  recombinai-  

son au cours du c y c l e  r é p l i c a t i f  du v i r u s ,  de t e l s  gènes c e l l u l a i r e s  é t a n t  a l o r s  

sous c o n t r ô l e  v i r a l .  Un t e l  phénomène de recombinaison a é t é  démontré pour l a  

première f o i s  chez l e s  rongeurs.  Harvey (1964) e t  K i r s t e n  e t  Yayer (1967), p a r  

passages répétés chez l e  r a t  du v i r u s  de l a  leucémie murine (b4uLV), o n t  pu 

o b t e n i r  des tumeurs s o l i d e s  desquel les on t  é t é  i s o l é s  deux nouveaux v i r u s  sarco- 

matogènes ( K i r s t e n  e t  Harvey sarcoma v i r us ,  KiSV e t  HaSV). Ces v i r u s  possèdent, 

en p l u s  d 'une i n f o r m a t i o n  génét ique homologue aux v i r u s  de sou r i s  FIuLV, des 

séquences homologues à des gènes c e l l u l a i r e s  normaux du r a t  (Sco ln ick  e t  a l ,  1973; 

Sco ln i  ck e t  Parks , 1974). Ces expér iences montrent  que l e s  v i r u s  des leucérnies 

chroniques peuvent t r a n s d u i r e  de façon s t a b l e  des séquences c e l l u l a i r e s  normales 

de 1 ' hô te  e t  que c e t t e  a c q u i s i t i o n  de séquences c e l l u l a i r e s  provoque l a  f o rma t i on  

de v i r u s  oncogènes extrêmement pu issan ts .  



11 - Le v i r u s  sarcomatogène a v i a i r e  de Rous I R S V )  __------_-------_- .................... --- 

L ' ex i s tence  ou non d ' u n  gène v i r a l  responsable de l a  t r ans fo rma t i on  a  é t é  

abordée pa r  l e s  études su r  l e  v i r u s  sarcomatoqène a v i a i r e  de Rous. 

RSV a  é t é  l e  v i r u s  l e  p l us  é t u d i é  pendant ces d i x  dern iè res  années ca r  il 

e s t  compétent pour  l a  r é p l i c a t i o n  e t  provoque de manière extrêmement r ap ide  

(deux à t r o i s  semaines) des sarcomes chez l e  pou le t .  L ' i n f e c t i o n  pa r  RSV de 

f i b r o p l a s t e s  de p o u l e t  en c u l t u r e  donne l i e u  à l a  fo rmat ion  de c e l l u l e s  t r ans -  

formées q u i  on t  des c a r a c t é r i s t i q u e s  typ iques.  La t rans fo rmat ion  a  é t é  d é f i  n i e  

pa r  l e s  c r i t è r e s  su ivan ts  : 

(1 )  l e  passage à une forme ronde accompagné d'une f o r t e  ré f r ingence .  

( 2 )  l a  p e r t e  de 1  ' i n h i b i t i o n  de con tac t .  

( 3 )  un besoin p l u s  l i m i t é  en sérum. 

( 4 )  un accroissement du t r a n s p o r t  des sucres. 

( 5 )  l a  capac i té  à provoquer des tumeurs par  i n j e c t i o n  à l ' a n i m a l .  

Les f i b r o b l a s t e s  de pou le t  i n f e c t é s  p a r  des mutants thermosensibles ( t s )  de 

RSV (Toyoshirna e t  Vogt, 1969; Y a r t i n ,  1970; Kawai. e t  Hanafusa, 1971) peuvent 

ê t r e  t ransformés de manière r é v e r s i b l e  en f o n c t i o n  de l a  température sans 

a f f e c t e r  l a  p roduc t i on  v i r a l e .  Ceci c o n s t i t u e  l a  preuve d i r e c t e  de l a  p a r t i c i -  

p a t i o n  du p r o d u i t  d 'un  gène v i r a l  de RSV dans l a  t rans fo rmat ion .  

A p a r t i r  d 'un  s tock  de R S V y  Vogt (1971),  ou is  Kawai e t  Hanafusa (1972), on t  

r appo r té  1  a  ségréga t ion  spontanée de v i r u s  d é f e c t i f s  pour  1  a  t r ans fo rma t i on  

(tdRSV), Ce t te  ségréga t ion  é t a i t  probablement due à l a  d é l é t i o n  d 'un  gène v i r a l  

L 'ana lyse  b ioch imique du génome des v i r u s  RSV e t  tdRSV a  montré que : 

( 1 )  l e  v i r u s  tdRSV a  un génome de complex i té  i d e n t i q u e  à c e l l e  des 

v i  rus  des 1 eucérni es chroniques a v i  a i  r es  (ALV) ; 

( 2 )  l a  complex i té  du génome du v i r u s  t ransformant  !?SV e s t  p l u s  grande 

de 1500 bases; e t  

( 3 )  l e s  séquences a d d i t i o n n e l l e s  sont  l o c a l i s é e s  du cô té  3 '  du qénome 

v i r a l  e n t r e  l e  gène - env e t  l a  séquence U3. Le v i r u s  RSV d i f f è r e  donc des v i r u s  

des leucémies chroniques p a r  l e  f a i t  q u ' i l  possede non seiilernent t o u t e  1  ' i n f o r -  

mat ion nécessai re  à l a  r é p l i c a t i o n  v i r a l e  (gag, - - -  pol ,  env) n a i s  encore un gène 

responsable de l a  t r ans fo rma t i on  appelé s r c  pour  sarcomatouène ( v o i r  Hanafusa, 

1977; B ishop 1978). 

Les d i f f é r e n c e s  de s t r u c t u r e  e n t r e  l e s  g é n o ~ e s  de RSV e t  tdRSV o n t  permis à 

S t e h e l i n  e t  a l  (1976a) de préparer  une sonde ADN r a d i o a c t i v e ,  cDNAsrc, - repré-  

s e n t a t i v e  e t  to ta lement  spéc i f i que  du gène - s r c  v i r a l .  



Après synthèse d ' u n  ADN r a d i o a c t i f  complémentaire du génome v i r a l  !?SV, e t  

é l i m i n a t i o n  de t ou tes  l e s  séquences complémentaires tdRSVy l a  sonde s ' e s t  avérée 

h y b r i d e r  à 100% avec t ou tes  l e s  souches v i r a l e s  sarcomatogènes a v i a i r e s  de 

Rous a l o r s  qu'aucune h y b r i d a t i o n  n ' a  é t é  détectée avec l e s  v i r u s  des leucémies 

chroniques a v i a i r e s  t es tés .  D 'au t re  p a r t ,  ce cDNAsrc ne p r é s e n t a i t  aucune homologie 

avec l e s  génomes des v i r u s  sarcomatogènes e t  leucérno~ènes de mammifères; il n 'en  

p r é s e n t a i t  pas non p l u s  avec l e s  génomes des v i r u s  t ransformants  à ADN t e l s  que 

ceux du v i r u s  SV40, de 1 'adenovirus V,  ou du v i r u s  de herpès simplex. 

Cet o u t i l  a permis à S t e h e l i n  e t  co l l abo ra teu rs  (19765) de montrer  que l e  gène 

ssc e s t  présent  dans l'ADN de t i s s u s  sa ins  de p l u s i e u r s  espèces a v i a i r e s  de - 
l'émeu au p o u l e t  en accord avec l a  r e l a t i o n  phylogénét ique de ces espèces, l e  

pou le t  é t a n t  p r i s  comme p o i n t  de ré férence.  De 71 us, l e  f a i t  qu 'i 1 a i t  é t é  

poss ib l e  de d é t e c t e r  des séquences apparentéesau gène - s r c  même chez l e s  espèces 

de mammifères (Roussel, 1978; S tehe l i n  e t  a l ,  1978) montre que l e s  séquences 

s r c  c e l l u l a i r e s  (ou " c - s r c " )  possèdent une s t a b i l i t é  remarquable au cours de - - 
1 ' é v o l u t i o n ,  e t  imp l i que  q u ' e l l e s  do i ven t  j o u e r  un r ô l e  v i t a l  pour l e s  c e l l u l e s  

normal es de ver tébrés .  

Les v i r u s  sarcomatogènes a v i a i r e s  se s e r a i e n t  a l o r s  cons t i t ués  pa r  recombinaison 

e n t r e  l ' u n i t é  r é p l i c a t i v e  de type 4LV e t  l e s  séquences c e l l u l a i r e s  c - s r c  - du p o u l e t  

domestique. Les séquences a v i a i r e s  c - s r c  - n ' é t a n t  pas l i é e s  génétiquement aux 

séquences du génome du v i r u s  endogène du p o u l e t  (WV-O) (Padgett  e t  a l ,  1977), 

une t e l l e  recombinaison p o u r r a i t  a v o i r  l i e u  pa r  "c ross ing  over "  au n iveau  de 

1 'ADN ce1 l u l a i r e ,  ou pa r  i n t é g r a t i o n  acc iden te l  l e  d ' un  v i r u s  leucémique adjacent  

aux séquences c - s r c  - ( v o i r  D iscuss ion) .  

Le p r o d u i t  du gène - s r c  récemment i d e n t i f i é  e s t  une p r o t é i n e  phosphorylée de 

50.000 da l tons  (PGOsrc) - (Brugge e t  Er ikson,  1977; Purch io  e t  a l ,  1978). 

Cet te  p r o t é i n e  a une a c t i v i t é  phosphokinase ( C o l l e t t e t E r i k s o n ,  1978) qu i  possède 

l a  p r o p r i é t é  de phosphory ler  l e s  rés idus  t y r o s i n e  (Hunter e t  Sefton, 1980; 

C o l l e t t  e t  a l ,  1980). La phosphory la t ion  des rés idus  t y r o s i n e  e s t  extrêmement 

r a r e  dans l a  c e l l u l e  e t  semble int imement l i é e  au phénomène de t r ans fo rma t i on  

pa r  RSV. Cet te  a c t i v i t é  n ' e s t  en e f f e t  pas re t rouvée ,  ou e s t  considérablement 

r é d u i t e ,  dans l e s  c e l l u l e s  normales ou i n f e c t é e s  pa r  l e  mutant de d é l é t i o n  

(tdRSV); e l l e  e s t  thermosensib le  dans l e s  c e l l u l e s  transformées pa r  des mutants 

thermosensibles du RSV (tsRSV). 



TABLEAU 1 
- .  

C l a s s i f i c a t i o n  des oncov i rus  de type C 

SMCOHES LEUCEHIES ALGUES 
- - - - - - - - - 

Virus  du sarcome de Rous V i r u s  de l a  mye lob lvs tose  IWV 
-8ryan BH-RSV a v i a i r e  

Vi rus  leucemiquilu a s s o c i e s  aux  USVs -Prague PR-RSV 
UAV-1, RAV-2, RAV-49, UV-50 -Schmidt Huppin SR-HSV . . 

- H a r r i s  HA-RSV Vi rus  de l ' e r y t h r o b l a r t o u e  AEV 
Virus  a s s o c i e s  aux v i r u s  d e s  l eucemies  -Carr-Zilber CZ-RSV a v i a i r e  
a i g w s  s - v i a i r e s  

Virus du sarcome a v i a i r e  
- B r a t i s l a v a  B77-ASV 
-Fu j inami FSV 
-PRCll,PRCIIp.PRCIV 
-Y73 
-ESH 

- 
Viruo  leucrmiqueu a s s o c i e s  aux  v i r u s  Yi raie 

Sc)CHIS d e s  leucemies a i g u r u  muritirs -hi> loney HoSV 

V i r u s  leucemiques murins de Cross .  -Cazdar CeSV 
Holoney,Kirscen.Friend.Rauscher e t c . .  

Vi rus  d e  l a  . i y e l o c y t o ~ . t o s e  HC29 
a v i a i r e  OK10 

c n l l  
Ml2 

V i r u s  d e  l a  r e t i c u l o e n d w  REV 
t h e l i o s e  a v i a i r e  

Vi rus  SPPV d e  P r i e n d  F-SFFV 
e t  d e  i l auscher  R-SFFV 

Vi rus  leucemique r s d i d n d u i t  HadLV Virur  du sarcome du r a t  

RAT 
-Harvey H ~ S V  
-KI r s t e n  KiSV 
-Gardner-Uasheed RaSV 

CHAT 

V i r u s  leucemiques f e l i n s  FeLV Vi rus  du sarcome f e l i n  
-Snyder-Thel len s r - r e m  

Vi rus  leucemique du gibbon CaLV Vi rus  du sarcome du 
V i r u s  leucemique a u s o c i e  a u  v i r u s  s i n g e  l a i n e u x  SSV 
du sarcome s i m i e n  SSAV 



III - Les v i r u s  sarcomatogènes d é f e c t i f s  pour l a  r é p l i c a t i o n  ------------------- --------------- --------- -------- 

D 'au t res  v i r u s  sarcomatogènes i s o l é s  des espèces a v i a i r e s  a i n s i  que de 

mammifères ( v o i r  Tableau 1 ) possèdent également des séquences d ' o r i g i n e  

c e l l u l a i r e ,  responsables de l a  t ransformat ion,  t r ansdu i t es  de l 'ADN de 

l ' h ô t e .  Contrairement au v i r u s  sarcomatogène de Rous, chacun de ces 

v i r u s  e s t  d é f e c t i f  pour l a  r é p l i c a t i o n  e t  a  besoin pour sa p ropagat ion  

de l a  présence d ' u n  v i r u s  non d é f e c t i f  a u x i l  f a i r e  (ou "he lpe r " )  auquel il 

e s t  t ou jou rs  assoc ié .  Ces v i r u s  son t  auss i  ca rac té r i sés  par  l e  f a i t  q u ' i l s  

t ransforment  l e s  f i b r o b l a s t e s  e t  l e s  ce1 l u l e s  é p i t h é l  i a l e s  en c u l t u r e .  

D é f i c i e n t s  dans t o u t  ou p a r t i e  des gènes nécessai res au c y c l e  r é p l i c a t i f ,  

l e s  v i r u s  sarcomatogènes d é f e c t i f s  o n t  besoin des f onc t i ons  complémentaires 

apportées par  l e u r  v i r u s  "he lper " ,  pour péné t re r  dans l a  c e l l u l e  e t ,  pour 

ê t r e  i n t é g r é s  dans l e  uénome c e l l u l a i r e  de l ' h ô t e .  Une f o i s  i n t é g r é ,  l e  

p r o v i r u s  peut  ê t r e  t r a n s c r i t ,  e t  1'ARN v i r a l  i n t racy top lasmique  peu t  ê t r e  

encapsidé par  l e  v i r i o n  du v i r u s  "he lpe r "  compétent (Huebner e t  a l ,  1966; 

Aaronson e t  Rowe, 1970). 

Les c e l l u l e s  transformées i n  v i t r o  peuvent donc expr imer deux phénotypes 

d i f f é r e n t s  : s o i t  p roduc t r i ces ,  après i n f e c t i o n  pa r  l e  v i r u s  t rans fo rmant  

d é f e c t i f  e t  l e  v i r u s  "he lpe r "  qu i  l'accompagne, s o i t  non p roduc t r i ces  ('NP"), 

après i n f e c t i o n  par  l e  seul  v i r u s  t rans fo rmant  d é f e c t i f .  Les c e l l u l e s  NP sont  

a l o r s  incapables de p rodu i re  des p a r t i c u l e s  v i r a l e s  mais expr iment 1'ARN v i r a l  

e t  l e s  p ro té i nes  codées par l e s  gènes t ransformants .  L ' i n f e c t i o n  des c e l l u l e s  

qP par  un v i r u s  "he lper "  en t ra îne  l a  f o rma t i on  de nouvel les p a r t i c u l e s  v i r a l e s  

(démasquage ou " rescue" )  dans l esque l l es  l e  génome t ransformant  e s t  empaqueté 

par  1  'enveloppe du v i r u s  hétéro logue.  Les p a r t i c u l e s  r é s u l t a n t e s  ("pseudotypes" ) 

possèdent l e s  p r o p r i é t é s  ant igéniques du v i r u s  a u x i l  1  i a i r e  a i n s i  que sa 

s p é c i f i c i t é  d  'hô te .  

Expérimentalement, l e s  c e l l u l e s  NP permet ten t  l ' é t u d e  du génome des v i r u s  

d é f e c t i f s  pour l a  r é p l i c a t i o n  dans l e u r  forme in tégrée ,  en t a n t  qu'AR! v i r a l  

i n t racy top lasmique ,  ou en t a n t  que génome empaqueté dans un v i r u s  "he lpe r "  

hétéro logue.  

L ' un  des p ro to types  des v i r u s  sarcomatogènes déFec t i f s  e s t  l e  v i r u s  du sarcome 

f é l i n  (FeSV). L ' o r d r e  des qènes dans l e  génome de deux souches d i f f é r e n t e s  de 

f e s  - env - 3 ' .  Les séquences responsables de 1s t r a n s f o r -  FeSV e s t  5 '  - gag - - - 
mation ( " f e s " )  - o n t  é t é  acquises par  recombinaison e n t r e  un gène c e l l u l a i r e  

( c - f es )  - e t  l e  v i r u s  des leucémies chroniques du c h a t  (FeLV) don t  seulement une 

p a r t i e  des gènes gag e t  - env e s t  représentée (Frankel  e t  a l ,  1979; Sherr  e t  a l ,  



1979; Sherr  e t  a l ,  1980). Dans l e s  ce1 l u l e s  transformées, un seul  P.RN messager 

v i r a l  codant pour un p r o d u i t  de f u s i o n  des gènes - gag e t  - f e s  e s t  t r a n s c r i t  

(Stephenson e t  a l ,  1977; Sherr e t  a l ,  1978). Cet te  po l yp ro té i ne  possède une 

a c t i v i t é  phosphokinase s p é c i f i q u e  des rés idus  t y r o s i n e  (Van de Ven e t  a l ,  1980; 

Barbac id  e t  a l ,  1980) nécessai re  à l a  t r ans fo rma t i on  (Barbac id  e t  a l ,  1981). 

Depuis ces deux dern iè res  années, d ' a u t r e s  v i r u s  sarcomatogènes d é f e c t i f s  o n t  

é t é  i s o l é s  chez l e s  espèces a v i a i r e s  q u i  présentent  l e s  mêmes c a r a c t é r i s t i q u e s  

que FeSV, e t  parmi eux l e s  v i r u s  de Fuj inami  e t  PRC I I  (Shibuya e t  a l ,  1980; 

Barbac id  e t  a l  , 1981). 

I V  - Les v i r u s  d é f e c t i f s  des leucémies aiguës .................................... --- 
Les v i r u s  des leucémies aiguës o n t  pour c i b l e  des c e l l u l e s  du système 

hématopoïét ique. Le p ro to t ype  des v i r u s  des leucémies aiguës murines e s t  l e  

v i r u s  de l a  leucémie d '  Abelson (A-MuLV). Ce v i r u s  i n d u i t  une leucémie lymphoïde 

chez l a  s o u r i s  e t  a  pour c e l l u l e  c i b l e  des précurseurs des lymphocytes de t ype  B 

(Abelson e t  Rabstein, 1970; Siden e t  a l ,  1979; e t  v o i r  Rosenberg e t  Bal  t imore,  

1980). Le v i r u s  dlAbelson a  d ' a u t r e  p a r t  l a  c a ~ a c i t é  de t rans fo rmer  l e s  lympho- 

cy tes  B  présents  dans l e s  c e l l u l e s  de moe l le  en cir l  t u r e  (Rosenberq e t  Ba l t imore ,  

1976) a i n s i  que l e s  f i b r o b l a s t e s  de s o u r i s  de l a  l i n n é e  NIH/3T3 i n  v i t r o  

(Scher e t  S i e g l e r ,  1975). Ce v i r u s  possède un gène s p é c i f i q u e  ( a b l ) ,  - qui  comme 

c e l u i  de FeSV, code pour une p o l y p r o t é i n e  (P120gaç-abl) -- possédant une a c t i v i t é  

phosphokinase (hli t t e  e t  a l ,  1978; W i t t e  e t  a l ,  1980). 

Les v i r u s  d é f e c t i f s  des leucémies aiguës du p o u l e t  ( ' de fec t i ve  leukemia v i  ruses '  

ou DLVs) possèdent également l a  p r o p r i é t é  de t rans fo rmer  d i f f é r e n t e s  c e l l u l e s  

c i b l e s  du système hématopoïétique e n t r a î n a n t  l a  mor t  ?e l ' a n i m a l  en deux semaines. 

Les DLVs , composés de sep t  i s o l a t s  indépendants , e t  provenant de leucémies 

n a t u r e l l e s  du pou le t ,  o n t  é t é  subd iv isés  en t r o i s  groupes en f o n c t i o n  du type  

de néoplasme i n d u i t  e t  du phénotype de d i f f é r e n c i a t i o n  des ce1 l u l e s  hématopoïé- 

t i q u e  q u ' i l s  t rans fo rment  i n  v i t r o  (Graf  e t  Beug, 1978; Beug e t  a l ,  1979) 

( v o i r  Tableau I I ) .  

Ce1 a  comprend l e  v i r u s  de 1 ' é r y t h r o b l  astose (AEV) , 1 es v i r u s  de 1  a  myél ocytoma- 

tose  (MC-29, MH-2, C M - I I ,  e t  !IK-10), e t  l e s  v i r u s  de l a  myélob1;lstose (P.?lV e t  

E26) q u i  t rans fo rment  respect ivement  l e s  é r y th rob las tes ,  l e s  macrophages, e t  l e s  

myélob lastes ( v o i r  F i gu re  8 ) .  A 1  'excep t ion  d'F?IV, tous l e s  DLVs t ransforment  

l e s  f i b r o b l a s t e s  i n  v i t r o  e t  son t  capables d ' i n d u i r e  des sarcomes (AEV e t  MC-29) 

e t  des carcinomes (MC-29) i n  v i vo .  



TABLEAU I I  

Les v i r u s  d é f e c t i f s  des leucémies a iguës (DLVs) 

(- d'apres Graf et Beug, 1978 ) 

Type de 
virus 

AEV 

MC29 

AMV 

Souche 
virale 

ES4 

R 

MC29 

CM1 I 

MU2 

OK10 

AMV/ BAI-A 

E26 

Neoplasme Pays et 
annee d'origine 

Danemark, 1933 

Danemark, 1931 

Bulgarie, 1964 

Rep. Federale 
Allemande, 1964 

Angleterre,l927 

Finlande, 1975 

U.S.A., 1941 

Bulgarie, 1962 

Type de neoplasme 
d'origine 1 induit 

Sarcome et 
myelo~~tomatose 
Erythroblastose 

Myelocytomatose 

Myelocytomatose 

Endotheliome (?) 

Endotheliome (?)  

Neurolymphome 
, 

Leucemie 

Erythroblastoses; 
sarcomes 
Ery throblastoses ; 
sarcomes 

Myelocytomatoses; 
carcinomes du 
foie et des rein: 

Myelocytomatoses 

Carcinomes du 
foie et des rein: 
sarcomes ; 
leucemies mono- 
cy taires. 

Endotheliome (? )  

Myeloblastose 

Erythroblastose 



AlPase- 

63'J+-- @ 
f MyeIoMarte Macrophage 

Cellule BFU-E CFU-E Erythroblaste Erythrocyte 

I ~ G + ,  I ~ A +  

Lymphoblaste pré-~ . l~rnphoc~te  B - Lymphocyte 

FIGURE 8 : Voies de différenciation des cellules hémato?oTétiques chez les 

oiseaux et ce1 lules cibles des rétrovirus aviaires 

(d'parès Graf et Beug, 1978; Gazzolo et al, 1980) 

- sens de la différenciation 
,+b - blocage de la différenciation 

IgFl - immunoglobuline rl 
IgG - immunoglobuline G 
IgA - immunog31obuline A 
Hb - hemoglobine 

CFU.?I - "colony forming unit, rnarrov!" 
BFU.E - "burst forming unit, erythroid" 
CFU.E - "colony forming unit, erythroid" 



Les DLVs représen ten t  l e  seul  système r é t r o v i r a l  où t r o i s  types de néoplasmes 

d i f f é r e n t s  sont i n d u i t s  de façon spéc i f i que  e t  r e p r o d u c t i b l e  pa r  d i f f é r e n t s  

v i r u s  provenant d 'une  seu le  espèce. L ' u t i l i s a t i o n  de ce système d e v r a i t  nous 

pe rme t t r e  de répondre aux quest ions su ivantes : 

(1) D i f f é r e n t s  gènes c e l l u l a i r e s ,  tous t r a n s d u i t s  du pou le t ,  peuvent- 

i l s  p rodu i re  d i f f é r e n t s  types de leucémies aiguës ? 

( 2 )  Combien de gènes t ransformants  son t  en j e u  ? 

(3)  E x i s t e - t - i l  une c o r r é l a t i o n  e n t r e  l a  présence d ' u n  gène donné e t  

un type  p a r t i c u l i e r  de malad ie hématopoïétique ? 

Dans l a  deuxième p a r t i e  de c e t t e  thèse, nous nous at tacherons à répondre à 

ces quest ions, e t  nous montrerons que l e  phénomène de t r ansduc t i on  des gènes 

c e l l u l a i r e s  par  un v i r u s  leucémogène peut  ê t r e  a i n s i  généra l i sé .  
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FIGURE 9 : Schéma de l'arbre phylogénétique des espèces de l'ordre des Galliformes 



ORIGINE e t  REPARTITION des SEQUENCES HOFIOLOGUES au V I R U S  

ENDDGENE RAV-O CHEZ l e s  ESPECES de GALLIFORMES 

La présence de génomes endogènes homologues aux r é t r o v i r u s  de type  C a  é t é  

démontrée chez de nombreuses espèces de ver tébrés  (Huebner e t  Todaro, 1969; 

e t  v o i r  Weiss, 1975; e t  Todaro, 1978). Chez l e  pou le t  domestique, on a  mis 

en évidence des gènes endogènes v i r aux  q u i  peuvent ê t r e  s i l e n c i e u x  ou exprimés, 

e t  q u i  peuvent coder pour  t o u t  ou p a r t i e  de l ' i n f o r m a t i o n  génét ique du v i r u s  

RAV-O (Vogt e t  F r i i s ,  1971; Hayward e t  Hanafusa, 1975; A s t r i n ,  1978; A s t r i n  e t  

a l ,  1979b; Hayward e t  a l ,  1979). Les expér iences d ' h y b r i d a t i o n  mo lécu la i r e  en 

phase l i q u i d e  o n t  i n d i q u é  que des séquences homologues au génome R4V-0 son t  

auss i  endogènes chez d ' au t res  espèces a v i a i r e s  (Tereba e t  a l ,  1975; Stehel  i n  

e t  a l ,  1976b), e t  que l e  pourcentage d ' h y b r i d a t i o n  e t  l a  thermostabi  l i t é  des 

hybr ides ,  fovmés e n t r e  l e s  sondes v i r a l e s  r a d i o a c t i v e s  e t  l ' A D N  de t i s s u s  sa ins ,  

son t  en accord avec l a  phy logénie des espèces d 'o iseaux par  r appo r t  au p o u l e t .  

Ces expér iences amenaient à penser que l e s  séquences homologues à RAV-O d i v e r -  

gea ien t  de manière s i m i l a i r e  aux au t res  gènes c e l l u l a i r e s ,  en su i van t  s t r i c t e m e n t  

1  ' é v o l u t i o n  des Ga l l i f o rmes  ( v o i r  F igure  9 ) .  

En recherchant  l a  présence des séquences homologues à RAV-O chez des espèces 

exot iques,  nous avons obtenu des r é s u l t a t s  q u i  sont  en désaccord avec c e t t e  

i n t e r p r é t a t i o n .  

1  - Exuression des gènes v i r aux  endogènes chez p l u s i e u r s  espèces de Ga l l i f o rmes  
--L--i----i-i-i iiiii-i-iiii-i-i -ii--i-i-i ----------- ------------------- 

La capac i t é  des f i b r o b l a s t e s  d'embryons de d i f f é r e n t e s  espèces d 'o iseaux à 

complémenter un mutant de d é l é t i o n  du qène - env du v i r u s  RSV e s t  une f o n c t i o n  

de l ' e x p r e s s i o n  des gènes v i r aux  endogènes. Seuls l e s  f i b r o b l a s t e s  d'embryon 

de p o u l e t  domestique (Ga l l us  g a l l u s )  e t  de son ancêt re  présumé, l e  coq de 

Bankiva, "Red Jungle Fowl" (Ga l lus  g a l l u s )  a i n s i  que du f a i s a n  japona is  v e r t ,  

"Green Jungle Fowl " (Phasianus v e r s i  c o l o r )  possèdent l e  f a c t e u r  "he lpe r "  du 

p o u l e t  ( " c h f " )  permet tan t  l a  p roduc t ion  de v i r u s  RSV complet. Par con t re ,  

deux espèces de pou le t s  exot iques,  l e  coq de Sonnerat (Ga l lus  s o n n e r a t i )  e t  



C,t (mole sec/I) 

FIGURE 10 : Ciné t iques  d ' h y b r i d a t i o n  des sondes cD?JARpy-9 e t  des séquences 

d'ADN de p o u l e t  avec d i f f é r e n t s  ABNs d'espèces a v i a i r e s  

,- ' 
j , (+-@) ADN séquence unique [ 3 H] e t  ( C I )  ~ D N A ~ ~ ~ - ~  

- L  .k . i 
(A) - AD4 de p o u l e t  domestique (D)  - PDFJ de coq de Qankiva 
(B)  - ADN de coq de Sonnerat ( E )  - PDN de f a i s a n  à c o l l i e r  
( C )  - ADN de coq de Java (F) - ADri de c a i l l e  japonaise 



l e  coq de Java (Gallus var ius) ,  ne permettent aucune complémentation. Nous avons 

alors cherché s ' i l  y avait  une relation entre la  présence de gènes viraux 

endogènes de type RAV-3 e t  la  complémentation. 

I I  - Présence de RAV-O e t  Phylogénie des espèces de Ga1 liformes. ....................... ------------------- 

En u t i l i s an t  les  techniques d'hybridation moléculaire en phase liquide, nous 

avons cherché à savoir s i  la présence des séquences RAV-O chez différentes 

espèces aviaires pouvait ê t r e  l i é e  à la phylogénie. 

L'ADN total  de ces espèces a é té  hybridé avec, d'une part ,  une sonde radioactive 

représentant les  séquences RAV-O e t ,  d 'autre  part ,  une sonde représentant les 

séquences uniques (ou non ré i té rées)  du poulet domestique. 

Les séquences non répétit ives ne sont représentées qu'une fois par génome 

haploïde (Britten e t  Kohne, 1968) e t  ont é té  u t i l i sées  comme standard dans 

les réactions d'hybridation moléculaire. Les cinétiques d'hybridation entre 

l'AD!{ non répé t i t i f  de poulet e t  1 'bDN cel lulaire  d'espèces aviaires ont permis 

l e  calcul d u  nombre de copies de virus endogènes. De plus, l e  pourcentage 

maximum d'hybridation a donné une indication de la distance phylogénétique 

entre 1 'ADN tes t é  e t  celui d u  ?oulet (Benveniste e t  Todaro, 1375). 

Les cinétiques en condition s t r i c t e  d'hybridation sont rapportées sur l a  

Figure 10 (Article 1, Figure 1, page 624). Elles montrent l 'hybridation entre 

une sonde RAV-O e t  l'ADN total  de poulet domestique, - G .  gallus ( A ) ,  de t rois  

espèces de poulet exotique, - G. sonnerati ( B ) ,  - ?. varius ( C ) ,  G .  gallus ( D ) ,  

du faisan à co l l i e r ,  Phasianus col.chicus ( E ) ,  e t  de la c a i l l e  japonaise, 

C .  coturnix japonica ( F ) .  Les resul ta ts  d'hybridation avec 1 ' P D N  "sequences - 
uniques" de poulet o n t  donné une valeur de Cot plateau de 100% avec toutes les  

espèces du  genre Gallus, l e  plateau n'atteignant que 25% avec 1 ' C D N  de faisan, 

e t  20% avec 1 'ADN de ca i l l e .  C 

Ces résul tats  sont en accord avec la relation phylogénétique de ces espèces, 

étudiée par l a  systématique classique des membres de la famille des Phasianidae 

(voir Figure 9 )  (Danvin, 1868; Delacour 1977), ou par 1 'étude des transferines 

ou albumines de ces espèces (Prager e t  a l ,  1974). Par contre, les pourcentages 

d'hybridation obtenus avec l a  sonde c D N P . ~ ~ ~ - ~  sont de 81% e t  99% avec 1 ' A D N  de 

poulet e t  l'ADN de - G. sonnerati respectivement, alors que l 'on n'a détecte 

aucune homologie avec 1'PDN des autres espèces du genre Gallus, d u  faisan, ou 

de la  ca i l l e .  Les valeurs de Cot permettent d'estimer à une ou deux l e  nombre 
1/2 

de copies des séquences RAV-O par génome haploïde chez l e  poulet domestique, 

e t  à t ro i s  à quatre chez l e  poulet exotique, Gallus gal lus .  



FIGURE 11 : P r o f i l s  de déna tu ra t i on  thermique d ' hyb r i des  formés en t re  l 'ADN 
3 séquence unique de pou le t  [ H] e t  d i f f é r e n t s  ADNs d'espèces a v i a i r e s  

(@--a) - ADN de p o u l e t  domestique ( )--T) - ADN de coq de Java 
(w) - ADN de coq de Sankiva ( e) - RDN de f a i s a n  à c o l l i e r  
( M) - AD.J de coq de Sonnerat 

Dans chaque s é r i e  d ' h y b r i d a t i o n  a  é t é  i n c  s  un c o n t r ô l e  i n t e r n e  représen tan t  3r un h y b r i d e  formé e n t r e  un cDNA t d  P r  C [ P] e t  1  ' ADY de ce1 1 u les  XC 

a, ( v o i r  symboles o u v e r t s ) .  



III - Etudes Fa r  déna tu ra t ion  thermigue ------- ...................... -- 

A f i n  d ' é t u d i e r  p l u s  précisément l a  r e l a t i o n  e n t r e  espèces a v i a i r e s ,  nous avons 

comparé l e s  p r o f i l s  de déna tu ra t i on  des hybr ides formés e n t r e  l ' A D ! {  de t r o i s  

espèces de p o u l e t  exo t ique  e t  d 'une espèce de f a i san .  Le Tm, ou température de 

f u s i o n  de 50% des hybr ides,  donne une mesure exacte du taux de mu ta t i on  des 

bases nuc léo t id iques ;  une ba isse  d ' un  degré de Tm correspond à 1% de bases 

mutées (Kohne, 1970; Bonner e t  a l ,  1973). La t h e r m o s t a b i l i t é  des hybr ides 

formés avec l'!DN non r é p é t i t i f  de d i f f é r e n t e s  espèces donne une mesure de 

l e u r  d i s t ance  phy logénét ique.  

Les va leurs  de Tm de 85' e n t r e  l'ADN non r é p é t i t i f  de p o u l e t  e t  1  'ADPI d ' a u t r e s  

espèces (F igu re  11; A r t i c l e  1, F i g u r e  2, p  625) o n t  montré que l e s  espèces du 

genre Ga l lus  son t  p l us  é t ro i t emen t  r e l i é e s  phylogénétiquement au p o u l e t  

domestique que l e s  espèces du genre Phasianus. Par cont re ,  l a  présence des 

séquences RAV-O n ' e s t  pas c o r r é l a b l e  avec l ' é v o l u t i o n  des espèces de Ga l l i f o rmes  

I V  - Recherche de séquences homologues à RAV-O en cond i t i ons  non s t r i c t e s  ------------- ...................................... 

En u t i l i s a n t  des cond i t i ons  s t r i c t e s  d ' h y b r i d a t i o n  mo lécu la i re ,  nous n'avons 

pas pu d é t e c t e r  d 'homologie e n t r e  l a  sonde PAV-O e t  1'4DN de f a i s a n  à c o l l i e r  

(P. co l ch i cus )  a l o r s  que c e t t e  espèce a  é t é  montrée posséder RnV-3 par  d ' a u t r e s  

auteurs  (Tereba e t  a l ,  1975). Nous avons donc t e s t é  l e s  mêmes espèces de 

Ga l l i fo rmes  en u t i l i s a n t  des cond i t i ons  p l u s  douces d ' h y b r i d a t i o n  (en haute 

concen t ra t i on  s a l i n e )  e t  de d é t e c t i o n  des hybr ides  (pa r  colonne d 'hydroxyapat i te  

permet tant  de r é v é l e r  des hybr ides  à bases peu ou mal appariées (P i ce  e t  Paul, 

1971). Les r é s u l t a t s  présentés su r  l a  F igu re  12 ( A r t i c l e  1, F i g u r e  3, p  626) 

e t  résumés dans l e  Tableau III ( A r t i c l e  1, Tableau 1, p 627) montrent  que même 

dans ces cond i t i ons ,  on n ' a  pas dé tec té  d 'homoloqie de séquences avec RAV-O 

dans 1  'ADN des deux pou le t s  exot iques,  - G. sonnera t i  e t  G. v a r i u s ,  a l o r s  qu'une 

p lus  grande homologie a  é t é  observée chez l e  f a i s a n  e t  l a  c a i l l e .  

V - Dé tec t i on  des séquences RAV-O Fa r  l a  méthode de Southern ---------------- ------------- ......................... 

A f i n  d 'examiner p l us  f inement  l a  présence des séquences apparentées à RAV-O 

dans 1 'ADN des espèces de p o u l e t  exo t ique  - G. sonnera t i  e t  - G .  v a r i u s  a i n s i  que 

dans l 'ADN de p o u l e t  domestique e t  de son ancêt re  présumé - G. g a l l u s ,  nous avons 

d i g é r é  1'FDN p a r  l 'enzyme de r e s t r i c t i o n  Eco R I  pu i s  analysé l 'ADN pa r  t r a n s f e r t  

e t  h y b r i d a t i o n  su r  n i  t r o c e l  l u l o s e  (Southern, 1975). 

Ce t te  méthode extrêmement sens ib l e  permet de d é t e c t e r  moins de 10 picogrammes 



Fraction Number 

FIGURE 12 : Séparat ion su r  colonnes d 'hydroxyapat i  t e  d 'hybr ides  formés e n t r e  
3 une sonde cDNARAY--, [ HJet  d i f f é r e n t s  *DNs d'espèces a v i a i r e s  

Panneau A - c o n d i t i o n s  s t r i c t e s  
Panneau B - c o n d i t i o n s  douces 

"chicken" - p o u l e t  domestique 
"pheasantl'- f a i  San à c o l  1 i e r  
"Sonnerat 's j u n g l e  fow1"- coq de Sonnerat 
"green j u n g l e  fow1"- coq de Java 
" q u a i l "  - c a i l l e  
" c a l f  thymus" - thymus de veau 



TABLEAU I I I  

H y b r i d a t i o n  de l ' A D 8  d'espèces a v i a i r e s  saines avec une sonde cnNARAV - O C ~ H I  

en d i f f é r e n t e s  cond i t i ons  de s a l i n i t é  



FIGURE 13 : Fragments d'ADN homologues à RD.V-O dans 1  'ADN de d ive rses  espèces 

de 13 f a m i l l e  des Phasianidae 

L'ADN e x t r a i t  de f i b r o b l  astes en c u l t u r e  d'embryons de p o u l e t  ou d ' é r y t h r o c y t e s  
du sang c i r c u l a n t  a  é t é  d i g é r é  pa r  1  'enzyme de r e s t r i c t i o n  EcoRI. Les fragments 
d'ADN f rac t i onnés  en t a i l l e  par  m i g r a t i o n  e l ec t ropho ré t i que  sur  ge l  d 'agarose 
son t  t rans fé rés  s u r  membranes de n i t r o c e l l u l o s e .  Les membranes sont  hybr idées 
avec une sonde r a d i o a c t i v e  C D N A ~ ~ ~ _ ~  [3Zp] e t  l e s  fragments hybr ides révé lés  par  
autorad iographie.  

Cou lo i r s  : 
(1) ADN de pou le t  domestique de souche SPAFfi5 (Embryon 100, f i b r o b l a s t e s  en c u l t u r e )  
( 2 )  ADN de coq de Sonnerat ( f i b r o b l a s t e s  en c u l t u r e  d'embryon 1)  
( 3 )  ADi4 de coq de Sonnerat ( f i b r o b l a s t e s  en c u l t u r e  d'embryon 6 i n f e c t é s  pa r  RAV-O) 
( 4 )  ADN de coq de Java (é r y th rocy tes  d ' o i seau  a d u l t e )  
( 5 )  ADN de f a i s a n  v e r t  du Japon ( f i b r o b l a s t e s  d'embryon 2)  
( 6 )  ADN de f a i s a n  v e r t  du Japon ( f i b r o b l a s t e s  d'erribryon 6 )  
( 7 )  AD14 de f a i s a n  à c o l l i e r  ( f i b r o b l a s t e s  en c u l t u r e  d'embryon 2) 
(3) ADN de f a i s a n  argenté (é r y th rocy tes  d ' o i seau  a d u l t e )  

LILLE ( 9 )  ADN de c e l l u l e s  XC ( c e l l u l e s  de r a t  contenant d i x  à v i n q t  copies de génome 
de RSV) 



d'ADN v i r a l .  La F igu re  13 ( F . r t i c l e  1, F igure  4, ? 628) montre sans arnbigui té 

que l ' o n  n ' a  observé aucun s i gna l  d ' h y b r i d a t i o n  e n t r e  l 'ADN de - G. sonnera t i ,  

5 .  va r i us ,  ou du f a i s a n  argenté,  Lophura nycthemerus, e t  une sonde cDNARnv-O - 
marquée au phosphore 32 de haute r a d i o a c t i v i t é  spéc i f i que .  Par con t re ,  on a  

d é t e c t é  une h y b r i d a t i o n  v a r i a b l e  avec l e s  au t res  P.DNs tes tés ,  i s o l é s  du p o u l e t  

domestique ( c o u l o i r  l ) ,  du f a i s a n  japonais,  - P. v e r s i c o l o r  ( c o u l o i r s  5  e t  6 ) ,  

du f a i s a n  à c o l l i e r ,  - P. co lch icus  ( c o u l o i r  7 ) ,  ou de c e l l u l e s  XC de r a t  q u i  

possèdent 10 à 20 copies i n tég rées  du v i r u s  RSV ( c o u l o i r  9 ) .  La F igu re  14 

( A r t i c l e  1, F i gu re  5, p 629) montre qu'aucune h y b r i d a t i o n  n ' a  pu non p lus  

ê t r e  détectée avec 1'P,DN d ' u n  a u t r e  pou le t  exot ique,  - G. L a f a y e t t e i  ou p o u l e t  

de Ceylan. 

Il é t a i t  p o s s i b l e  que l 'absence des séquences apparentées à RAV-0 s o i t  due à 

une r e s t r i c t i o n  à l ' i n f e c t i o n  de ces espèces p a r  l e  v i r u s  RAV-3. Nous avons 

t r ouvé  que l e s  c e l l u l e s  de - G. ~ o n n e r a t i ~ i n f e c t é e s  pa r  RAV-O cont iennent  des 

copies p r o v i r a l e s  (F igu re  13, c o u l o i r  3; F i g u r e  14, c o u l o i r  13) e t  p rodu isen t  

du v i r u s .  Ces r é s u l t a t s  démontrent que l e s  pou le t s  exo t iques  q u i  ne possèdent 

pas d ' i n f o r m a t i o n  r e l a t i v e  aux séquences v i r a l e s  endogènes, peuvent ê t r e  

i n f e c t é s  pa r  l e  v i r u s  RAV-fl. 



FIGURE 14 : Fragments d'ADN "EcoRI" homologues à RAV-O dans 1 '?)DN d ' au t res  

espèces de 1 ' o r d r e  des Ga l l i fo rmes  

Procédé expér imental  ( v o i r  F i g u r e  13) 

( 1 )  ADN d 'adenovi rus II d i g é r é  par  EcoRI marqué au[32p] 
( 2 )  ADN de pou le t  domestique de souche SPAFAS ( f i b r o b l a s t e s  en c u l t u r e )  
( 3 )  ADN de coq de Bankiva ( f i b r o b l a s t e s  en c u l t u r e )  
(4-7)ADN de coq de Ceylan (é r y th rocy tes  de qua t re  o iseaux adu l tes  d i f f é r e n t s )  
(8-11) ADN de coq de Sonnerat ( é r y th rocy tes  de q u a t r e  adu l tes  d i s t i n c t s )  
(12) ADN de coq de Sonnerat ( f i b r o b l a s t e s  en c u l t u r e  d'embryon 6)  
(13) AD4 de coq de Sonnerat ( f i b r o b l a s t e s  en c u l t u r  d'embryon 6 i n f e c t é s  pa r  RAV-9) 
(14) ADN d 'adenovi rus II d i g é r é  par  Xbal marqué au[''Pl 



CONCLUSION 

L 'ancê t re  du p o u l e t  domestique, l e  coq de Bankiva, "Red Jung le  Fowl" (G .  - g a l l u s ) ,  

possède des séquences t r è s  semblables à RP.V-O, en accord avec l e s  expér iences 

b i o l og iques  de Weiss e t  Biggs (1972).  Les c i né t i ques  de r é a s s o c i a t i o n  i nd iquen t  

que l e  p o u l e t  domestique possède une à deux copies complètes du génome RAV-O 

par  génorne haploïde,  r é s u l t a t s  en accord avec ceux de Neiman (1973) e t  Groudine 

e t  a l  (1978) a l o r s  que l e  coq de Bankiva c o n t i e n t  t r o i s  à qua t re  copies du génome 

RAV-3 pa r  génome haploïde.  On n ' a  jamais dé tec té  de séquences apparentées à 

RAV-O dans l e s  ADNs des pou le t s  exot iq t ies ,  - G. sonnera t i ,  - G .  va r ius ,  e t  - G. L a f a y e t t e i ,  

quelque s o i t  l e s  cond i t i ons  ( s t r i c t e s  ou douces) a l o r s  que des séquences p a r t i e l -  

lement homologues o n t  é t é  observées chez l e  f a i s a n  (Phasianus) en cond i t i ons  

douces. 

L 'ana lyse  des fragments d igérés  p a r  l e s  enzymes de r e s t r i c t i o n  a r é v é l é  l a  

présence de séquences homologues à 9AV-9 dans l ' A D N  des espèces de fa isan ,  

P. v e r s i c o l o r  e t  P.  co lch icus ,  mais pas dans 1 '4DN des t r o i s  pou le t s  exot iques.  - - 



DEUX 1 EME PART 1 E 



Y I S E  en EVIDENCE de TROIS N9UVEAUX 9NCOGENES CHEZ l e s  V I R U S  

DEFECTIFS des LEUCEMI ES P~IGUËS A V I  A I  PES 

Les v i r u s  d é f e c t i f s  des leucénies aiguës a v i a i r e s  (DLVs) o n t  é t é  c lassés 

en t r o i s  groupes en f o n c t i o n  de l e u r s  p r o p r i é t é s  b i o l og iques  i n  v i v o  e t  - i n  

v i t r o .  Nous avons recherché s ' i l  e x i s t a i t  un l i e n  e n t r e  l e  type de néoplasme 

i n d u i t  pa r  l e s  v i r u s  de chacun des groupes de DLVs e t  l a  présence de séquences 

nuc l  é o t i  diquos spéc i f i ques  . Cer ta ins  r é t r o v i r u s  é t a n t  capables de t r ansdu i  r e  

des gènes c e l l u l a i r e s  l e s  rendant  hautement cancérigènes, de t e l l e s  séquences 

spéc i f i ques  p o u r r a i e n t  représen te r  de nouveaux oncogènes v i r aux .  

1  - Les DLVs son t  apparentés aux ALVs --------------- ---------------- 
Les DLVsy i s o l é s  de tumeurs apsarues na tu re l lement  chez l e  pou le t ,  sont  t o u j o u r s  

associés à un ou p l u s i e u r s  v i r u s  "he1pers"av ia i res q u i  son t  nécessaires à l e u r  

pro?agat ion.  Seuls l e s  v i r u s  leucémiques a v i a i r e s  (4.LVs) sont  capables de complé- 

menter l a  dé f i c i ence  des DLVs à se r e p l i q u e r  (Hu e t  a l ,  1978). Ce t te  é t r o i t e  

a s s o c i a t i o n  nous a amené à penser à l ' e x i s t e n c e  d 'une  analog ie  e n t r e  l e s  gènes 

des 4LVs e t  ceux des DLVs. 

Pour v é r i f i e r  c e t t e  hypothèse, nous avons u t i l i s é  des c e l l u l e s  a v i a i r e s  clonées 

possédant l e  p rov i r us  DLV en l 'absence de son v i r u s  a u x i l i a i r e .  

ne t e l l e s  c e l l u l e s ,  incapables de p rodu i re  des p a r t i c u l e s  v i r a l e s  ( c e l l u l e s  non 

p r o d u c t r i  ces ou "NP") possèdent dans l e u r  cyto?lasme p l u s i e u r s  copies d ' ARN 

v i r a l  représen tan t  1  es p r o d u i t s  de t r a n s c r i p t i o n  du q r o v i  rus DLV i n t é g r é .  

L 'ARN t o t a l  des c e l l u l e s  NP a é t é  analysé p a r  l e s  technioues d ' h y b r i d a t i o n  

m o l é c u l a i r e  avec des sondes cDNA r a d i o a c t i v e s  représen tan t  : 

(1) une cop ie  f i d è l e  e t  complète du génome d ' un  9LV (cDNA ) ,  r ep  
(2)  des p a r t i e s  du génome d ' un  ALY (cOYP. ,~~ ,  cD!~?, 

Nos premières expér iences o n t  é t é  r é a l i s é e s  avec l e s  sondes cDNA e t  cD?4ASrc 
rep  

(Tableau I V ;  A r t i c l e  II, Tableau 1, ? 452 ) .  I\loiis avons ensu i t e  p réc i sé  l e  



ASV genomic RNA I 

POL ENV SRC a ~ I c D i u .  
2300 

--- cDNA rep 

cDNA gag 

cDNA pol 

cDNA env 

CD NA src 
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FIGURE 15 : Sondes r a d i o a c t i v e s  L3'p1 e t  C3!i J y r é ? a r é e s  à p a r t i r  du génome 

d ' u n  v i r u s  sarcomatogène a v i a i r e .  



TABLEAU I V  

Le génome des DLVs e s t  apparenté aux A.LVs 

Annealing 
DLV Type of (X SI resistance) with 
strain nonproduar al1 cDNArep cDNAsarc 

AEV chicken fibroblast 28 < 3 
MC29 quai1 fibroblast 45 < 3  
CM11 quail fibroblast 41 < 3  
OK10 quai1 fibroblast 77 < 3 
MH2 quail fibroblast 32 < 3  
AMV chickcn mycloblast SO < 3  
E26 chickcn myeloblast 36 < 3  

L ' A R N  t o t 3 1  de c e l l u l e s  non p roduc t r i ces  transformées pa r  d i f f é r e n t s  DLVs a 
é t é  e x t r a i t  e t  hyb r i dé  avec l e s  sondes cDNA e t  cDNASrc. Les hybr ides  o n t  
é t é  révé lés  p a r  l a  nucléase SI. r e p  



Le génome des DLVs e s t  apparenté aux ALVs 

RNAs NP ce1 I c DNAs tested : S Fiesistance] 

td  rep gag-pol c gag pol env  PO^ c 
8200 5800 5000 2200 3000 330 

AEV N P  75 28 27 15 16 c5 28 

E 26 NP2 mbls 36 

AMV Pool mbls 50 

L ' A R N  total  de cel lules  non productrices transformées par différents  DLVs a 
é t é  hybridé avec plusieurs sondes représentatives des gènes viraux d ' u n  ASV. 



contenu génét ique de chacun des DLVs en h y b r i d a n t  l e s  ARNs avec chacune des 

sondes représen tan t  un gène dlALV (Tableau V; . 4 r t i c l e  III Tableau II, p 1216). 

Seul l e  pourcentage maximum d ' h y b r i d a t i o n  a  é t é  rappo r té  pour chaque cDNA t e s t é .  

Un exemple des courbes obtenues e s t  r appo r té  (F iqu re  16) ( A r t i c l e  I V ,  F i g u r e  1, 

p  25) pour 1'ARN des myélob lastes NP t ransformés pa r  AMV e t  E26. 

Les r é s u l t a t s  o n t  montré que tous l e s  DLVs t e s t é s  con t iennent  des séquences 

apparentées aux ALVs avec des p ropo r t i ons  va r i ab les  d ' un  v i r u s  à l ' a u t r e  

(28% à 77%). Le pourcentage d'homologie avec l e s  ALVs ne rend pas compte du 

contenu génét ique t o t a l  des DLVs dont  l e  génome de t a i l l e  28s à 34s c o n t i e n t  

de 6000 à 8000 nuc léo t i des  ( v o i r  p l us  l o i n ) .  Le f a i t  qu'aucun des DLVs ne possède 

de séquences apparentées au gène - s r c  de R S Y  ( v o i r  auss i  S t e h e l i n  e t  Graf,  1978) 

i nd ique  que ces v i r u s  d o i v e n t  c o n t e n i r  des séquences nuc léo t id iques  non apparentées 

aux ALVs e t  RSV. 

II - Les DLVs eossèdent des séquences spéc i f i ques  --------- --------------- -------- ----- --- 
La recherche de séquences spéc i f i ques  a  é t é  r é a l i s é e  en analysant  un p ro to t ype  

v i r a l  de chacun des t r o i s  groupes de DLVs, à s a v o i r  AEV, F1C29, e t  AbW. 

Les souches v i r a l e s  AEV e t  YC29 o n t  é t é  obtenues p a r  s u r i n f e c t i o n  de c e l l u l e s  

VP p a r  un ALV a u x i l i a i r e  hétérologue, RAV-2. Le v i r u s  p r o d u i t  a  a l o r s  é t é  

t e s t é  pour  son pouvo i r  oncogène s u r  des c e l l u l e s  de moe l le  en c u l t u r e  e t  

propagé su r  des é r y t h r o b l a s t e s  (AEV) e t  des f i b r o b l a s t e s  d'embryon de p o u l e t  

(VC29). AYV a  é t é  obtenu à p a r t i r  de plasma de pou le t s  i n f e c t é s .  

Nous avons préparé des sondes cDNA spéc i f i ques  de ces v i r u s  en su i van t  l a  

méthode u t i l i s é e  pour l a  p répa ra t i on  de l a  sonde cDNASrc (F igure  17; A r t i c l e  II, 

Figu re  1 p 452; S t e h e l i n  e t  a l ,  1976a). 

Les sondes cDNAs o n t  é t é  sé lect ionnées de façon à hyb r i de r  exclusivement à 

1'ARN v i r a l  d ' o r i g i n e  sans h y b r i d e r  à 1  'ARN des v i r u s  "he lpers"  ou à 1  'ARN 

d ' a u t r e s  v i r u s  a v i a i r e s  non d é f e c t i f s .  De t e l l e s  sondes représentent  l e s  

séquences spéc i f iques  des v i r u s  PEV (cDNRaeV), ?lC29 ( C D N $ , ~ ~ ~ ) ,  (Sheiness e t  a l ,  

1978; Sheiness e t  Bishop, 1979; Saule e t  a l ,  1980), e t  AMV (cDNPamV). En possession 

de t e l l e s  sondes (de complex i té  d ' env i r on  3700, 1800, e t  2000 nuc léo t i des  pour 

l e s  cDYAs aev, mc29 e t  amv, respect ivement)  nous avons mesuré l e  pourcentage 

maximum d ' h y b r i d a t i o n  obtenu avec 1'ARr.I t o t a l  de tous l e s  DLVs. Les r é s u l t a t s  

(Tableau V I  ; A r t i c l e  II, Tableau II, p 454) permet ten t  de t i r e r  p l u s i e u r s  

conc lus ions  : 

(1 )  Les cDNAs t e s t é s  sont  spéc i f i ques  des DLVs u t i l i s é s  pour l e u r  

p r é p a r a t i o n  e t  représen ten t  des séquences non a?parentées e n t r e  e l l e s  p a r  



a)  AMV 

Crt ( M x sec x 1.' ) 

FIGURE 16 : Contenu génét ique d1.4YV e t  de E26 

L'ARN t o t a l  de myéloblastes transformés i n  v i t r o  par Ar lV (panneau a )  e t  par  
E26 (panneau b )  a é t é  hybr idé  avec d i f f é r e n t e s  sondes en v a r i a n t  l a  concent ra t ion  
d'AR\. Les hybr ides formés en cond i t ions  s t r i c t e s  d ' h y b r i d a t i o n  (0.5 M MaCl ; 
68OC) sont  détectés par  d iges t i on  à l a  nucléase S1 comme d é c r i t  précédemment 
(Stehel i n  e t  Graf,  1978). 

Symboles : (M) - cDNArep 
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FIGURE 17 : Schéma de l a  p répa ra t i on  de sondes cDNP. spéc i f i ques  du génome des DLVs 



TABLEAU V I  

Les CLVs possèdent des séquences spéc i f iques  

Annealing (% SI tesistana) with 
RNA dcrived from cDNAaev cDNAmc29 cDNAamv 

AEV 

MC29 ~3 
CM11 < 3  
OKlO < 3  
MH2 < 3  

AMV < 3  < 3  
E26 < 3  < 3  

ALV hclperr (control) < 3  < 3  < 3  

L'ARN v i r a l  50-70s de chaque souche de DLV a é t é  e x t r a i t  e t  hyb r i dé  à une 
va leu r  de C r t  p l a t e a u  avec l e s  sondes spéc i f i ques  cDNAa , cDNA , e t  

cDNAamv . Les pourcentages d ' h y b r i d a t i o n  o n t  é t é  s tandadysés  à ~ 6 6 9 .  



h y b r i d a t i o n s  c ro isées .  

( 2 )  Le cDNAmcZ9 hyb r i de  avec l e s  au t res  v i r u s  du groupe s o i t  C M I I ,  

OKlO e t  YH-2. On re t rouve  c e t t e  même s p é c i f i c i t é  lo rsque  l ' o n  t e s t e  1'ARN 

i n t r a c e l l u l a i r e  de c e l l u l e s  NP, montrant  que l e s  sondes son t  b i e n  spéc i f iques  

de chaque type  de DLV ( v o i r  p l u s  l o i n ) .  

11 e x i s t e  donc une s t r i c t e  c o r r e l a t i o n  e n t r e  l e s  séquences spéc i f i ques  détectées 

chez l e s  v i r u s  e t  l e  t ype  de leucémie aiguë. 

III - T a i l l e  du génome des DLVs ---------- -------------- 
Les r é s u l t a t s  d ' h y b r i d a t i o n  m o l é c u l a i r e  en phase l i q u i d e  avec l e s  sondes 

rep résen ta t i ves  des gènes du génome d'RLV e t  des séquences spéc i f i ques  des DLVs 

on t  permis un c a l c u l  de l a  complex i té  t o t a l e  des séquences apparentées aux 

d i f f é r e n t e s  sondes pour  chacun des v i r u s .  S i  nous avons dé tec té  t o u t e  l ' i n f o r m a t i o n  

génétique, l a  complex i té  t o t a l e  d e v r a i t  ê t r e  égale au nombre de nuc léo t ides  du 

génome v i r a l .  Pour es t ime r  l a  t a i l l e  des génomes v i raux ,  n o t r e  approche a  é t é  

d ' u t i l i s e r  l a  technique de t r a n s f e r t  ( " b l o t t i n q " )  adaptée aux ARNs (F lw ine  e t  

a l ,  1977). Le m i l i e u  de c u l t u r e  de c e l l u l e s  p roduc t r i ces  de v i r u s  DLV associé 

à son "he lpe r "  a  é t é  r e c u e i l l i  t ou tes  l e s  qua t re  heures. Les ARNs v i r aux  on t  

Gté e x t r a i t s  p u i s  séparés p a r  é lec t rophorèse  en ge l  d 'acarose  avec des 

marqueurs r ibosomiques de b a c t é r i e  - -  E.  c o l  i (16s e t  23S), de c a i  1  l e  (18s e t  27s) 

e t  de c e l l u l e s  de s inge  (18s e t  28s).  L'ARN a  é t é  ensu i t e  t r a n s f é r é  su r  

pap ie r  a c t i v é  e t  hyb r i dé  successivement avec des sondes marquées auC3% ] 
cDNArepY cDNAaeVY CDNA,~~~, e t  cDNAamv) . Les r é s u l t a t s  de ces expér iences sont  

r epo r tés  su r  l a  F igu re  18 ( A r t i c l e  III, F i g u r e  2, p  1218) e t  F i gu re  19 ( A r t i c l e  

I V ,  F i g u r e  2, p  24, e t  F i gu re  3, p  25). 

Toutes l e s  souches étud iées possèdent un AKN de 34s dé tec té  pa r  l a  sonde 

cDNA , représen tan t  l e  génome du v i r u s  aux i  1  i a i r e .  Les bandes détectées 
r e  P  

p a r  l e s  sondes spéc i f i ques  son t  p l u s  p e t i t e s  (30s-32S), correspondant aux 

génomes des DLVs, excepté 3K10 de t a i  1  l e  34s. Les r é s u l t a t s  obtenus quant à 

l a  t a i l l e  du génome 32s de l1Ak1V (7200-7400 nuc léo t ides  de l ong )  o n t  é t é  

conf i rmés p a r  p l u s i e u r s  auteurs (Souza e t  a l  1980; Duesberg e t  a l ,  1980; 

Gonda e t  a l ,  1981; Chen e t  a l ,  1981). La t a i  11 e  des génomes MC29 e t  '1H-2, 

déterminée p a r  h é t é r o d u ~ l e x e s  (5700 nuc léo t i des  de l ong )  (Hu e t  a l ,  1979a,b), 

e s t  auss i  en accord avec nos r é s u l t a t s .  A l ' e x c e p t i o n  de E26 e t  Pltl-2, l a  t a i l l e  

des génomes v i r a u x  des au t res  DLVs correspond aux complex i tés estimées pa r  

h y b r i d a t i o n  mo lécu la i r e .  



AEV w- 

FIGURE 18 : Tail le  du génome des DLVs 

L ' A R N  viral a é t é  ex t r a i t  de virus obtenus à par t i r  de surnageants de cultures 
recuei l l i  toutes les quatre heures. L ' A R N  a é t é  soumis à une électrophorèse 
sur gel 9'3 arose, puis transféré sur papier activé (DBY) e t  hybridé avec les 
sondes [ 'P! cDNArep, cDNAaeV, C D N A ~ , ~ ~ ,  e t  cDNAaMv. 



FIGURE 19 : Tail le  des génomes d'AYV e t  de E26: 

L ' A R N  viral  total  a é t é  ex t r a i t  du plasma d'oiseaux malades. L 'ARN a été  
sélectionné sur oligo dT cellulose, puis fractionné en t a i l l e  par migration 
électrophorétique sur gel d'agarose. L 'RRN a é t é  ensuite transféré s y ~  papier, . . 
activé (DBY) e t  hybridé successivement avec les  sondes marquées au [ P ]  . !,Lm 
(panneau A )  - ARN de plasma de poulets infectés par AYV(b1AV) 

(panneau B )  - ARN de plasma de poulets infectés par E26 ( R 4 V - 2 ) .  



I V  - S t r u c t u r e  du génome des 3LVs ------------- -------------- 
Nos r é s u l t a t s  nous on t  permis d ' é t a b l i r  une c a r t e  p r o v i s o i r e  dea,la s t r u c t u r e  

génét ique des DLVs [ ~ i g u r e  20 ( A r t i c l e  III, Figu re  3, p 1218) e t  F i gu re  211. 

Cinq i s o l a t s  (AEV, MC-29, C M I I ,  YH-2, e t  E26) con t iennent  une p a r t i e  du gène 

gel dlALV q u i  d o i t  ê t r e  l o c a l i s é e  à l ' e x t r é m i t é  5 ' .  

Chacun de ces v i r u s  code pour une po l yp ro té i ne  de f u s i o n  qu i  c o n t i e n t  des 

déterminants  ant igéniques uniques ( l a  p o r t i o n  " x " ) .  La présence des p r o t é i n e s  

- 5 su9gère que l e s  séquences spéc i f iques  sont  adjacentes aux séquences - gag. 

AMV e t  9K10 s y n t h é t i s e n t  une p r o t é i n e  - gag précurseur  ( P r 7 6 ~ ) .  Ces deux 

i s o l a t s  possèdent t o u t  ou p a r t i e  du aène - pol ,  montrant  que l e s  séquences 

spéc i f i ques  do i ven t  ê t r e  l o c a l i s é e s  dans l a  m o i t i é  3 '  du génome. En accord 

avec c e t t e  i n t e r p r é t a t i o n ,  nous avons t rouvé  dans l e s  myélob lastes NP transformés 

p a r  AMV un messager ép issé  de t a i l l e  20s (2500 nuc léo t i des )  q u i  c o n t i e n t  l e s  

séquences spéc i f i ques  associées à l a  r ég ion  U3 ( A r t i c l e  III, Fiqu re  2, p  24);  

de p lus ,  aucune séquence apparentée au gène - env des ALVsn'a é t é  détectée 

( A r t i c l e  III, Tableau 1  ? 21).  

Les v i r u s  MH-2 e t  E26 semblent posséder des séquences nuc léo t i d i ques  supplé- 

menta i res que nous n'avons pas détectées.  S i  ces séquences sont  d ' o r i g i n e  

c e l l u l a i r e ,  il e s t  p o s s i b l e  que l e  v i r u s  a i t  pu t r a n s d u i r e  d i f f é r e n t e s  

p o r t i o n s  d ' u n  gène dont  seu le  une p a r t i e  e s t  présente dans d i f f é r e n t s  i s o l a t s  

t rans fo rmants .  Dans ce  cas, une p a r t i e  seulement des séquences spéc i f i ques  

s e r a i t  dé tec tée  par  l a  sonde. En conséquence, il nous a  é t é  imposs ib le  de 

déterminer  l ' o r d r e  exac t  des gènes de ces deux v i r u s .  

V - Les séquences s ~ é c i f i g u e s  o n t  une o r i g i n e  c e l l u l a i r e  ------ --------Li-i-- --------------- iii-ii-ii-i--- 
Nous avons recherché s i  on r e t r o u v a i t  chez l e  p o u l e t  des séquences n u c l é o t i -  

d iques apparentées aux séquences spéc i f iques  des DLVs. L'PDN t o t a l  de c e l l u l e s  

de p o u l e t  s a i n  a  é t é  h y b r i d é  avec l e s  sondes cDNAaeV, C D N P ~ ~ ~ ~ ,  e t  cDNAamV. 

La F i g u r e  22 ( A r t i c l e  II, Figure  2, p 453) montre que l e s  t r o i s  t ypes  de 

séquences spéc i f iques  possèdent un homologue dans l'ADN normal de c e l l u l e s  

de p o u l e t  à r a i s o n  de une à deux copies pa r  génome hap lo ïde .  

Nous avons a l o r s  étendu c e t t e  recherche de séquences à d ' au t res  espèces a v i a i r e s  

t e l l e s  que l e  fa isan ,  l a  c a i l l e ,  e t  l e  canard a i n s i  q u ' à  d ' a u t r e s  espèces de 

ver tébrés .  Les c i né t i ques  d ' h y b r i d a t i o n  en phase l i q u i d e  (F igure  23; A r t i c l e  

II, Figu re  3, p  453) montrent  que de t e l l e s  séquences spéc i f iques  peuvent ê t r e  

détectées non seulement chez l e s  espèces a v i a i r e s  que nous avons étud iées mais 

auss i  chez l e s  ver tébrés  supér ieurs ,  Homo sapiens i n c l u s .  Le pourcentage 
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FIGURE 20 : Car te  génét ique de 1 ' A R N  des DLVs 
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FIGURE 22 : Les séquences spéc i f i ques  des DLVs sont  présentes dans l'ADN de 

p o u l e t s  sa ins 

L'AD3 d'embryons de pou le ts  de 11 jou rs ,  soniqu6 a une t a i l  l e  de 4-6 S, a é t é  
hyb r i dé  avec d i f f é r e n t e s  sondes spéc i  f i q i i es  : 

( 1  - CDNF.,,~ (0-0 1 - cONAamv 

( ) - cDNAmcZ9 (----) - cDNPSrc 

Des r é s u l t a t s  t r è s  semblables on t  é t é  obtenus avec l'ADN d'embryons de c a i l l e s  
sa ins.  



PHYLOGENETIC DISTANCE ( x106years) 

FIGURE 23 : S t a b i l i t é  des séquences spéc i f i ques  c e l l u l a i r e s  au cours de l ' é v o l u t i o n  

L'ADN e x t r a i t  de d i f f é r e n t e s  espèces animales a é t é  hybr idé  avec p l u s i e u r s  
sondes spéc i f i ques  : 

( M) - ADN séquence unique de 
pou1 e t  

\ ;"y" 
Les va leurs  obtenues o n t  é t é  standardisées à 53% pour l e  p o u l e t  q u i  a é t é  '"-- - /  

c h o i s i  comme p o i n t  zé ro  de 1 ' é v o l u t i o n  phy l  ogénét iqi le.  



FIGURE 24 : T r a n s c r i p t i o n  des séquences spéc i f iques  des DLVs dans l e s  

c e l l u l e s  normales de p o u l e t  e t  de c a i l l e  

L 'ARN t o t a l  e x t r a i t  de f i b r o b l a s t e s  d'embryons de p o u l e t  ou de c a i l l e  a  é t é  
hyb r i dé  avec d i  f f é r e n t e s  sondes spéc i f i ques  : 

(-1 - cDYAamV 

(---- ) - cDNA 
s r c  



d ' h y b r i d a t i o n  obtenu diminue en f o n c t i o n  de l a  d i s t ance  phy logénét ique des 

espèces, l e  pou le t  é t a n t  n r i s  comme ré fé rence .  Avec une sonde d'ADN non répé-  

t i t i f  de p o u l e t  (F i gu re  23; A r t i c l e  II, Figu re  3, p 453), nous avons conf i rmé 

que l e s  séquences spéc i f i ques  v i r a l e s  on t  évolué de manière p a r a l l è l e  aux 

au t res  gènes c e l l u l a i r e s .  Ces r é s u l t a t s  montrent que 1'ADY non r é p é t i t i f  de 

p o u l e t  a rapidement muté au cours de l ' é v o l u t i o n ,  a l o r s  que l e s  séquences 

c e l l u l a i r e s  apparentées aux séquences des DLVs semblent a v o i r  é t é  mieux 

conservées. 

En e f f e t ,  e l l e s  sont  au moins auss i  s tab les ,  s inon  p l  us, que deux gènes 

ce1 1 u l  a i  r es  connus pour  ê t r e  p a r t i  c u l  ièrement b i e n  conservés, l e s  gènes 

g l o b i n e  e t  ovalbumine. Des r é s u l t a t s  semblables o n t  é t é  t rouvés pour  l e  

gène c - s r c  - ( S t e h e l i n  e t  a l ,  1976h; Roussel, 1978; S t e h e l i n  e t  a l ,  1378) e t  

pour l e s  séquences d ' o r i g i n e  c e l l u l a i r e  de YC29 (Sheiness e t  Bishop, 1979). 

V I  - Les séquences spéc i f i ques  son t  t r a n s c r i t e s  dans l e s  c e l l u l e s  normales ------ -------- ----- ............................................... 
Les c e l l u l e s  saines de p o u l e t  possédant des séquences apparentées à des gènes 

hautement cancérigènes, nous avons é t u d i é  l e  taux  de t r a n s c r i p t i o n  de ces 

séquences c e l l u l a i r e s  dans l e s  c e l l u l e s  non i n f e c t é e s .  L1A9N t o t a l  de 

f i b r o b l a s t e s  de p o u l e t  s a i n  (ou  de c a i l l e )  a é t é  hyb r i dé  avec l e s  t r o i s  

d i f f é r e n t e s  sondes spéc i f i ques .  Les r é s u l t a t s  (F igu re  24; A r t i c l e  I I  

F i g u r e  4, P 454 ) i nd iquen t  que l e s  séquences c e l l u l a i r e s  , 
t r a n s c r i t e s  à f a i b l e  taux  (quelques copies pa r  ce1 l u l e ) ,  hyb r i den t  à 100% 

avec l e s  sondes spéc i f i ques  montrant  q u ' e l l e s  son t  to ta lement  représentées. 

Ces r é s u l t a t s  sont  en accord avec ceux t rouvés pour l e s  séquences c e l l u l a i r e s  

c-src ,  - apparentées au gène - s r c  des ASVs (Roussel, 1978; S t e h e l i n  e t  a l ,  1978; 

Spector  e t  a l ,  1978). 



C9NCLUSI ON 

Les DLVs ont é té  formés par recombinaison entre les ALVs e t  des séquences 

spécifiques d'origine ce1 lu la i re .  Comme la plusart des autres virus transfor- 

mants, l es  DLVs ont perdu une partie des gènes nécessaires à l a  réplication. 

I l  exis te  une corrélation s t r i c t e  entre l e  type de néoplasme induit e t  l a  

présence de séquences spécifiques, indiquant que des gènes cel lulaires  diffé-  

rents sont impliqués dans la  transformation des cellules cibles différentes 

du système hématopoïétique. 



DISCUSS 1 OM 



PREMIERE PARTIE 



Nos t ravaux sur  l a  d i s t r i b u t i o n  des séquences apparentées au v i r u s  endogène 

de pou le t  RAV-O montrent  que ces séquences p rov iennent  d'une i n f e c t i o n  r e l a -  

t i  vement récente,  probablement après d i  vergence des espèces du genre Ga1 1 us 

à p a r t i r  d ' u n  ancê t re  commun, il y a env i ron  10 m i l  l i o n s  d'années. Ces 

conc lus ions sont  basées su r  l e  f a i t  que des séquences partagées pa r  deux 

espèces t r è s  proches l ' u n e  de l ' a u t r e  phylogénétiquement do i ven t  p r o v e n i r  

en descendance d i r e c t e  d 'une même séquence présente chez l e u r  ancê t re  commun 

l e  p l u s  récent ,  l e  taux  de muta t ion  des séquences nuc léo t i d i ques  déterminant  

l ' é v o l u t i o n  des espèces. S i  l e s  gènes endogènes v i r a u x  de p o u l e t  évo luen t  en 

accord avec l e s  au t res  gènes c e l l u l a i r e s ,  nous devr ions  t r o u v e r  chez t ou tes  

l e s  espèces du genre Ga l l us  une i n f o r m a t i o n  apparentée au v i r u s  endogène RAV-O. 

B ien  que nous ayons montré que tou tes  l e s  espèces a v i a i r e s  son t  i n d i s t i n g u a b l e s  

l e s  unes des au t res  p a r  l e  c r i t è r e  de l e u r  ADN séquence unique, l e s  séquences 

apparentées à RAV-O son t  to ta lement  absentes chez t r o i s  espèces de pou le t s  

exo t iques  du genre Ga l lus :  - G. var ius ,  - G. sonnera t i ,  e t  - G. L a f a y e t t e i .  Seule 

une a u t r e  espèce de p o u l e t  exo t ique  (éoalement Ga l lus  g a l l u s ) ,  a i n s i  que des 

espèces de f a i s a n  e t  de c a i l l e  p l u s  é lo ignées phylogénétiquement du pou le t ,  

possèdent des séquences homologues au v i r u s  endogène RAV-O. Des études menées 

indépendamment su r  l a  systématique c l  assique de Phasi anidae ( D a w i  n, 1868; 

Delacour, 1977) e t  s u r  l ' é t u d e  de l ' é v o l u t i o n  de l a  t r a n f é r i n e  e t  de l ' o v a l b u -  

mine des o iseaux (Prager  e t  a l ,  1974) suggèrent que l a  s p é c i a t i o n  du genre 

Ga l l us  a eu l i e u  il y a env i ron  10 m i l l i o n s  d'années. 

Donc 1 ' i n t e r p r é t a t i o n  l a  p l us  s imple e s t  que RAV-O a é t é  acquis r e l a t i vemen t  

récemment p a r  c e r t a i n e s  espèces e t  non pa r  d ' a u t r e s  après l a  d ivergence des 

espèces à p a r t i r  d ' u n  ancê t re  commun. 

On ne peut  cependant pas exc lu re  to ta lement  l a  p o s s i b i l i t é  que l e s  séquences 

v i r a l e s  endogènes apparentées à RAV-O a i e n t  ségrégé de l a  l i g n é e  germinale 

chez ce r t a i nes  espèces de Ga l l us  e t  non ~ h e z ~ l d ' a u t r e s .  Ceci semble peu 

probable c a r  de nombreux l o c i  endogènes o n t  é t é  i d e n t i f i é s  chez l e  p o u l e t  

( A s t r i n ,  1978; A s t r i n  e t  a l ,  1979) e t  l o c a l i s é s  dans d i f f é r e n t s  chromosomes 

(Tereba e t  a l ,  1979; Tereba e t  A s t r i n ,  1980). Des études semblables o n t  é t é  

f a i t e s  u t i l i s a n t  l e s  techniques de " b l o t t i n g "  su r  l e s  v i r u s  de s o u r i s  

apparentés au v i r u s  MVTV (Cohen e t  Varmus, 1979). 

Ces v i r u s  endogènes o n t  é t é  l o c a l i s é s  sur  p l u s  de deux chromosomes d i f f é r e n t s  

de l a  s o u r i s .  Une grande hé té rogéné i té  du nombre e t  de l a  s t r u c t u r e  des v i r u s  



endogènes chez l e  p o u l e t  e t  chez l a  sour is ,  d 'une souche à l ' a u t r e  e t  même 

d ' u n  animal à l ' a u t r e ,  i nd iquen t  que l e s  v i r u s  endogènes sont  l e  r é s u l t a t  

d ' i n f e c t i o n s  m u l t i p l e s ,  indépendantes l e s  unes des au t res ,  e t  probablement 

r a res ,  des c e l l u l e s  de l a  l i g n é e  germinale des espèces. 

S ' i l  e s t  poss ib l e  de d é t e c t e r  à l ' h e u r e  a c t u e l l e  de nombreuses cop ies  de 

v i r u s  endogène chez l e s  espèces de ver tébrés  (s inges,  chats,  sour is ,  o iseaux) ,  

c e r t a i n s  v i r u s  endogènes n ' o n t  pas t ou jou rs  e x i s t é  dans l a  l i g n é e  germinale 

des espèces. Q u e l l e  e s t  a l o r s  1  ' o r i g i n e  de ces v i r u s  endogènes, e t  par  que l s  

mécanismes l e s  espèces acqu iè ren t -e l l es  de t e l l e s  séquences v i r a l e s  ? 

De nombreuses études menées sur  l ' é v o l u t i o n  des gènes v i r a u x  de t ype  C i n d i -  

quent que l e s  r é t r o v i r u s  o n t  l a  capac i té  d ' é t a b l i r  l e u r  génome dans l a  l i g n é e  

germinale de l ' h ô t e  à l ' é t a t  l a t e n t .  Ces gènes c r yp t i ques ,  sous l e  c o n t r ô l e  

de l a  c e l l u l e ,  sont t ransmis  ver t i ca lement  se lon  l e s  l o i s  de Mendel. 

Ce t r a n s f e r t  de m a t é r i e l  génét ique a é t é  r é a l i s é  dans c e r t a i n s  cas pa r  

i n f e c t i o n  ( t ransmiss ion  h o r i z o n t a l e )  in ter -espèces.  

A i n s i  un v i r u s  endogène d 'une  espèce donnée peut  : 

( 1 )  ê t r e  exprimé, 

( 2 )  i n f e c t e r  une a u t r e  espèce t r è s  é lo ignée  phylogénétiquement ou 
appar tenant  à un a u t r e  o rd re ,  

( 3 )  ê t r e  i n t é g r é  dans l a  l i g n é e  germinale,  e t  

(4 )  demeurer endogène e t  s i l e n c i e u x  dans l a  nouve l l e  espèce hôte.  

Dans l a  na tu re ,  c ' e s t  l e  cas d 'un  v i r u s  endogène du cha t  (RD-114) don t  l ' a n c ê t r e  

e s t  un v i r u s  endogène de p r imate  q u i  a u r a i t  é t é  i n t r o d u i t  dans l a  l i g n é e  

germinale du cha t  r e l a t i v e m e n t  récemment il y a env i r on  5 m i l l i o n s  d'années. 

B ien  q u ' i l  n ' y  a i t  aucune homologie dé tec tab le  de séquences non r é p é t i t i v e s  

e n t r e  l e s  pr imates e t  l e s  cha ts  q u i  se sont  séparés l e s  uns des au t res  il y 

a p l u s  de 100 m i l l i o n s  d'années ( v o i r  Benveniste e t  a l ,  1975a), l e  v i r u s  

endogène de cha t  RD-114 e s t  é t r o i t emen t  r e l i é  au v i r u s  endogène de babouin 

(group M7). En e f f e t ,  des séquences apparentées aux deux v i r u s  o n t  é t é  mises 

en évidence chez tous l e s  s inges de l ' a n c i e n  monde e t  chez l e s  grands singes 

(chimpanzé e t  g o r i l l e ) .  

Ceci i nd ique  q u ' e l l e s  son t  présentes dans l a  l i g n é e  germinale de pr imates 

depu is  30 m i l  1  i ons  d'années, p o i n t  de divergence des s inges de 1 'anc ien  monde 

e t  des grands singes. Ces séquences nuc léo t i d i ques  o n t  également é t é  r e t r o u -  

vées dans l'ADN de 4 parmi l e s  27 espèces de f é l i n s  du genre F e l i s  (Benvenis te  - 
e t  Todaro, 1974). Ces qua t re  espèces de c h a t  sont  o r i g i n a i r e s  du Bass in  

Méditérannéen e t  semblent a v o i r  évo lué géographiquement en é t r o i t e  a s s o c i a t i o n  



avec l e s  pr imates de l ' a n c i e n  monde, e t  en p a r t i c u l i e r ,  l e s  ancêtres du 

babouin. A ins i ,  des séquences apparentées aux v i r u s  de pr imates détectées 

dans l ' A D N  de cer ta ines  espèces de chat on t  dû ê t r e  acquises par i n f e c t i o n  

ho r i zon ta le  après spéc ia t ion  des Fel idae, au cours de ces 5 dern ie rs  m i l l i o n s  

d'années. Dans un contexte p lus  général, l e  f a i t  que l 'homologie en t re  l e s  

v i r u s  endogènes de deux espèces s o i t  beaucoup p lus  grande que ne l ' e s t  c e l l e  

de l e u r s  gènes c e l l u l a i r e s  permet de suspecter une t ransmiss ion ho r i zon ta le  

par  i n f e c t i o n .  

D 'au t re  par t ,  un f a i b l e  nombre d'espèces possédant un v i r u s  endogène commun 

dans un seul genre animal montre que l ' a c q u i s i t i o n  de gènes v i raux  e s t  proba- 

blement récente e t  a l i e u  après l a  divergence de ces espèces à p a r t i r  d 'un  

ancêtre commun. 

L ' i n f e c t i o n  inter-espèces par un v i r u s  endogène ne donne pas tou jou rs  1 i e u  

à 1 ' é tab l  issement d 'un r é t r o v i r u s  endogène non pathogène généralement b ien  

supporté par  l ' h ô t e .  Deux exemples de transmission ho r i zon ta le  de v i r u s  

endogènes inter-espèces on t  donné naissance à des v i r u s  i n f e c t i e u x  responsables 

de néoplasmes chez l a  deuxième espèce i n fec tée .  Le premier exemple a é t é  

rappor té  pour un v i r u s  exogène in fec t i eux  de primates, l e  v i r u s  leucémique de 

gibbon (GALV). Ce r é t r o v i r u s  de type C, t ransmis horizontalement parmi l e s  

gibbons (Sco ln ick  e t  a l ,  1974), p rov iend ra i t  de l ' i n f e c t i o n  inter-espèces des 

gibbons par  un v i r u s  endogène de type C de sour is  as ia t ique,  - Mus c a r o l i  ou 

d'une espèce de sour is  phylogénétiquement t r è s  proche (L ieber  e t  a l ,  1975). 

Dans ce cas, l e  v i r u s  endogène de sour is  n ' e s t  pas apparenté aux séquences 

des c e l l u l e s  de l a  l i gnée  germinale de primate, mais e s t  homologue au v i r u s  

leucémique i n f e c t i e u x  de pr imate transmis horizontalement d 'un  animal à 1 ' au t re .  

Un deuxième exemple e s t  c e l u i  du v i r u s  leucémogène f é l i n  (FeLV). Benveniste 

e t  a l  (1975b) on t  proposé que l a  leucémie du chat provienne de 1 ' a c t i v a t i o n  

d 'un  v i r u s  endogène de rongeur (proche du r a t ) ,  rarement exprimé chez ces 

animaux, qu i  a u r a i t  é t é  transmis au chat par i n f e c t i o n  inter-espèces. Bien 

que FeLV s o i t  t ransmis horizontalement chez l e s  chats, des séquences p a r t i e l -  

lement apparentées à ce v i rus ,  hé r i t ées  de façon v e r t i c a l e ,  peuvent aussi 

ê t r e  détectées dans 1 'ADN d 'animaux sains. 

D'une façon générale, on peut penser que lo rsqu 'un  r e t r o v i r u s  se rép l i que  

fac i lement  dans une espèce, 1 ' hô te  n ' é t a n t  pas capable d 'en  c o n t r ô l e r  1 'expres- 

sion, l ' i n c i d e n c e  de leucémies e s t  fortement augmentée. 

Par contre,  l e s  séquences v i r a l e s  andogènes, sous c o n t r ô l e  c e l l u l a i r e  de l ' h ô t e ,  

peuvent représenter  l e s  vest iges d'une i n f e c t i o n  v i r a l e  ancestra le.  

Ceci rep résen te ra i t  a l  o r s  un mécanisme par 1 equel 1 es espèces accommoderaient 



des agents v i r a u x  po ten t i e l l emen t  leucémogènes. A i n s i ,  une i n f e c t i o n  i n t e r -  

espèces t r è s  récen te  (d 'une s o u r i s  au gibbon) se man i fes te  pa r  une f o r t e  

inc idence  de leucémie chronique, a l o r s  qu'une i n f e c t i o n  ancienne ( d ' u n  p r imate  

au cha t )  n ' e s t  p l us  assoc iée avec c e t t e  malad ie.  Du p o i n t  de vue du v i r u s  

auss i  b i e n  que de l a  c e l l u l e ,  l ' é t a t  endogène représen te  un moyen de se 

perpétuer .  

Jusqu'à présent,  aucune évidence d i r e c t e  de l ' oncogénéc i t é  du v i r u s  endogène 

n ' a  é t é  apportée chez l e  pou le t .  La p l u p a r t  des v i r u s  endogènes sont  d é f e c t i f s  

e t  représen ten t  l e s  r é s i d u s  de l ' i n t e r a c t i o n  v i r us -hô te .  

L o r s q u ' i l s  sont  exprimés, l e s  v i r u s  endogènes o n t  un taux d 'express ion  t r è s  

f a i b l e  e t  ne peuvent généralement pas i n f e c t e r  l a  c e l l u l e  don t  i l s  son t  i ssus .  

Ceci p o u r r a i t  e x p l i q u e r  pourquoi i l s  o n t  p e r s i s t é  chez l e s  oiseaux. 

Pendant longtemps, p l u s i e u r s  au teurs  o n t  a t t r i b u é  aux r é t r o v i r u s  endogènes 

un r ô l e  impor tan t  pour l a  c e l l u l e .  Nos t ravaux  su r  l a  d i s t r i b u t i o n  des 

séquences apparentées au génome RAV-O parmi l e s  espèces du genre Gal lus,  

e t  l e s  r é s u l t a t s  p u b l i é s  par  A s t r i n  e t  a l  (1979a) i nd iquen t  que l e s  v i r u s  

endogènes ne son t  pas e s s e n t i e l s  au développement des espèces. En e f f e t ,  nous 

avons montré que t r o i s  espèces de pou le t s  exo t iques  du genre Ga l lus  se p o r t e n t  

pa r f a i t emen t  b i e n  sans pour au tan t  posséder l e  v i r u s  endogène RAV-O. 

Chez l e  p o u l e t  domest ique-de l a  souche w h i t e  leghorn,  A s t r i n  e t  a l  (1979a) 

o n t  r é u s s i  à sé lec t i onne r  un p o u l e t  également non p o r t e u r  de séquences appa- 

r en tées  à RAV-O. Les v i r u s  endogènes p e r s i s t e r a i e n t  donc chez l ' a n i m a l  non pas 

parcequ ' i 1 s  j ouen t  un r ô l e  e s s e n t i e l  dans 1  e  développement de 1  'espèce, 

mais p l u t ô t  parce q u ' i l s  ne causent aucune malad ie.  

S i  l e s  v i r u s  ne sont  pas essen t i e l s ,  a p p o r t e n t - i l  s  aux espèces quelqu'avantage 

d i ss imu lé  ou r e p r é s e n t e n t - i l s  simplement l e s  ves t i ges  d 'anc iens  assauts  par  

des v i r u s  endogènes ? Le f a i t  que l e s  v i r u s  endogènes pu issen t  ê t r e  a c t i v é s  

e t  se mouvoir  de c e l l u l e  à c e l l u l e  ou d'une espèce à l ' a u t r e ,  p o u r r a i t  en 

s o i  appor te r  un avantage é v o l u t i f  s i ,  en de r a r e s  occasions, l e s  v i r u s  serven t  

de t ransduc teurs  d ' i n f o r m a t i o n  génét ique. 

La p o s s i b i l i t é  d'évènements de recombinaison e n t r e  l e  v i r u s  e t  au moins 

c e r t a i n s  gènes c e l l u l a i r e s  ( v o i r  p l u s  l o i n )  p o u r r a i t  con fé re r  aux organismes 

supér ieurs  un mécanisme p l u s  général  de t r a n s d u c t i o n  de gènes. 



DEUX 1 EME PART 1 E 



Les v i r u s  d é f e c t i f s  des leucémies aiguës (DLVs) i n d u i s e n t  t r o i s  formes 

d i f f é r e n t e s  de néoplas ies hématopoïétiques chez l e  pou le t ,  des é r y th rob las toses ,  

des myelocytomatoses, e t  des myelob lastoses.  Sept i s o l a t s  d i f f é r e n t s  v i r aux  

o n t  é t é  c lassés  en t r o i s  groupes, en accord avec l e u r  capac i t é  à t rans fo rmer  

une c e l l u l e  hématopoïétique c i b l e  spéc i f i que  i n  v i v o  e t  i n  v i t r o  (Gra f  e t  

Beug, 1978; Beug e t  a l ,  1979; Gazzolo e t  a l ,  1979). En u t i l  i s a n t  l e s  techniques 

d ' h y b r i d a t i o n  mo lécu la i re ,  nous avons t r ouvé  que chacun des DLVs e s t  un 

recombinant e n t r e  une p a r t i e  du génome d 'un  r é t r o v i r u s  ALV e t  une séquence 

s p é c i f i q u e  c e l l u l a i r e  de p o u l e t .  Nous avons montré q u ' i l  e x i s t e  une c o r r é l a t i o n  

s t r i c t e  e n t r e  l a  présence d'une séquence spéc i f i que  dans un v i r u s  donné e t  sa 

capac i t é  à t rans fo rmer  sé lect ivement  des é r y th rob las tes ,  macrophages, ou 

myélob lastes.  Ces r é s u l t a t s  suggèrent pour l a  première f o i s  que l e s  d i f f é r e n t s  

gènes ce1 1  u l a i r e s ,  t r a n s d u i t s  e t  sous c o n t r ô l e  d  'é léments v i r aux ,  peuvent 

dé te rminer  l a  s p é c i f i c i t é  de l a  t r ans fo rma t i on  de d i f f é r e n t e s  c e l l u l e s  c i b l e s .  

Ce t r a v a i l  a  donc condu i t  à d é f i n i r  t r o i s  nouveaux oncogènes (e rb ,  rnac [main- - - 
tenan t  appelé - myc] e t  - myb ) imp l iqués  dans l a  t r ans fo rma t i on  des é r y th rob las tes ,  

macrophages, e t  myéloblastes, respect ivement .  

Q u e l l e s  sont  l e s  évidences montrant  que ces gènes sont  responsables de l a  

t r ans fo rma t i on?  Dans l e  cas dtAEV, une po l yp ro té i ne  de f u s i o n  de 75.000 da l t ons  

( P 7 5 ~ - e r b ) ,  - codée par  l a  p o r t i o n  5 '  du gène gaq e t  une p o r t i o n  des séquences 

ce1 l u l a i r e s  - e r b  e s t  synthétisée(Hayman e t  a l  , 1979; Ret tenmier  e t  a l  , 1979). 

Un mutant  thermosensible ( t s ) ,  d é f e c t i f  cond i t i onne l  pour  l a  t rans fo rmat ion ,  ne 

p r o d u i t  à l a  température non permiss ive  aucune p o l y p r o t é i n e  ant igéniquement 

reconna issab le  (Graf  e t  a l ,  1978). Un a u t r e  mutant de d é l e t i o n ,  d é f e c t i f  non 

c o n d i t i o n n e l  pour 1  a  t r ans fo rma t i on  ( t d )  , p r o d u i t  une p o l y p r o t é i n e  de t a i  1  l e  

un peu p l u s  p e t i t e  dans l a q u e l l e  l e s  pep t ides  codés par  l e s  séquences - e r b  sont  

a l t é r é s  (Royer-Pokora e t  a l ,  1979; Beug e t  a l ,  1980). Le v i r u s  MC29 code 

auss i  pour une po l yp ro té i ne  de f u s i o n  de 110.000 da l t ons  (PllOgag-mac), - dont 

une p o r t i o n  e s t  s p é c i f i é e  par  l e s  séquences c e l l u l a i r e s  ( B i s t e r  e t  a l ,  1977; 

Me l l on  e t  a l ,  1978; K i t chener  e t  Hayman, 1980). Dans ce cas, p l u s i e u r s  mutants 

de d é l e t i o n ( t d ) c o d a n t  pour des po l yp ro té i nes  -- gag-mac de t a i l l e s  P100, P95, 

e t  P90 o n t  é t é  i s o l é s  (Ramsey e t  a l ,  1980). Chacune de ces p ro té i nes  e s t  dé lé tée  

dans l a  p a r t i e  codée pa r  l e s  séquences mac - spéc i f iques .  En ce q u i  concerne 

AMV, aucun p r o d u i t  du gène - myb n ' a  pu encore ê t r e  i d e n t i f i é .  L ' i n s e r t i o n  des 



séquences spéc i f i ques  myb à l a  p lace  du gène env d'ALV ne permet pas l a  - - 
synthèse d 'un  p r o d u i t  de f u s i o n  p r é c i p i t a b l e  avec un sérum an t i -gag .  Pour 

e r b  e t  mac, des évidences génét iques imp l i quen t  l e s  séquences c e l l u l a i r e s  - - 
t r a n s d u i t e s  dans l e  processus de t r ans fo rma t i on .  

Le phénomène de t r ansduc t i on  de gènes c e l l u l a i r e s  par l e s  r é t r o v i r u s  e t  

d ' a c q u i s i t i o n  d ' u n  p o t e n t i e l  t rans fo rmant  semble général puisque au moins 

quatorze gènes t rans fo rmants  d i f f é r e n t s  o n t  é t é  i d e n t i f i é s  t a n t  chez l e s  

espèces a v i a i r e s  que chez l e s  mammifères(voir  Tableau VII).Chacun de ces oncogènes 

v i r a u x  (v-onc) - possède un analogue c e l l u l a i r e  (c-onc),  - présent  dans 1 'ADN 

de c e l l u l e s  normales, remarquablement b i en  conservé au cours de l ' é v o l u t i o n  

des espèces. A l ' h e u r e  a c t u e l l e ,  h u i t  des quatorze oncogènes connus o n t  é t é  

i d e n t i f i é s  chez une seu le  espèce, l e  pou le t .  

Cela, en so i ,  suggère que l e  nombre de gènes t rans fo rmants  d i f f é r e n t s  e s t  

peu t -ë t re  impor tan t .  Cependant, l a  comparaison des r é s u l t a t s  r écen ts  obtenus 

pour l 'oncogène du v i r u s  sarcomatogène de Fu j inami  ( v - f p s )  - e t  c e l u i  d ' a u t r e s  

i s o l a t s  (Shibuya e t  a l ,  1980; Barbac id  e t  a l ,  1981a), a  permis d ' é t a b l i r  une 

parenté avec l e  gène t rans fo rmant  ( v - f e s )  - appartenant à deux souches v i r a l e s  

du v i r u s  du sarcome f é l i n  (FeSV). L ' a c q u i s i t i o n  d 'une séquence c e l l u l a i r e  

homologue par  deux r é t r o v i r u s  d i f f é r e n t s  des leucémies chroniques (ALV e t  FeLV) 

appartenant à deux espèces d ' o rd res  d i f f é r e n t s  ( l e  p o u l e t  e t  l e  c h a t )  conf i rme 

que l e  même élément - onc peut  ê t r e  t r a n s d u i t  au cours d'évènements de recombinaison 

indépendants. Cela suggère auss i ,  con t ra i rement  à t o u t e  a t t e n t e ,  que l e  nombre 

de gènes capables d ' ê t r e  t r a n s d u i t s  peut  ê t r e  f a i b l e .  

Il r e s t e  à s a v o i r  s i  d ' a u t r e s  éléments c e l l u l a i r e s  qu i  n ' o n t  jamais é t é  assoc iés 

aux r é t r o v i r u s  peuvent auss i  s e r v i r  d'oncogènes. P lus ieu rs  groupes, en t r a n s f e c -  

t a n t  l 'ADN de tumeurs su r  l e s  c e l l u l e s  NIH/3T3, o n t  prouvé que c e r t a i n s  des 

ADNs forment des f oye rs  de t r ans fo rma t i on  avec une grande e f f i c a c i t é  (Sh ih  e t  

a l ,  1979; 1981; Cooper e t  a l ,  1980; Cooper e t  Neiman, 1980; Perucho e t  a l ,  1980; 

K r o n t i r i s  e t  Cooper, 1981; Lane e t  a l ,  1981; Murray e t  a l ,  1981). La t r a n s f e c t i o n  

de 1 'ADN de ces ce1 l u l e s  transformées sur  de nouvel l e s  ce1 1 u l e s  a redonné des 

r é s u l t a t s  i den t i ques ,  suggérant que chacun des ADNs é t a i t  p o r t e u r  d ' u n  oncogène 

a c t i f .  En ana lysan t  l 'ADN des c e l l u l e s  NIH/3T3 transformées, aucun oncogène v i r a l  

connu n i  aucune i n f o r m a t i o n  r é t r o v i r a l e  n ' o n t  é t é  dé tec tés  (R.A. Weinberg, 

G.M. Cooper, communications personnel l e s ) .  Par clonage m o l é c u l a i r e  de c e t  ADN 

dans un bactér iophage, e t  en u t i l i s a n t  l a  technique de t r a n s f e c t i o n  pour r eche r -  

cher  l a  séquence oncogène, il d e v r a i t  ê t r e  poss ib l e  d '  i s o l e r  des gènes oncogènes 

c e l l u l a i r e s  d i f f é r e n t s  de ceux d é j à  connus. 



TABLEAU VI1 

Les retrovirus : vecteurs de gènes c e l l u l a i r e s  

Bn 
nl nl Avian reticuloendotheliosis Twkey 

virus-T 

WC RSV-src Rous sarcoma virus Chicken ppôû- 
B77-erc B77 avian sarcome virus Chicken ppôû- 
rASV-src Recovered avian -orna virus Chicken, ppôW 

Japa- 
nese 
quail 

PR-RSV-src Prague etrain Roue sarcoma Chicken p p 6 F  
vvus 

AMV-myb Avian myeloblastosis virus Chicken 
strain BAI-A 

E26-my b Avian leukemia virus strain Chicken 
E26 

MC=-myc Avian myelocytomatoeie virus Chicken P l l F - m F  
MC29 

CMII-myc Avian myelocytomatosie virus Chicken P9(P.-"'* 
CM11 - --  

MW-myc Avian myelocytomatosis and Chicken P I P m F  
carcinoma Wus MH2 

OKlO-myc Avian myelocytomatoeis virus Chicken P20(rC*"w 
OKlO 

erb-A AEV-erb-A Avian erythroblashis virus Chicken P75LYdA 
erb-B AEV-erb-B Avian erythroblastosis virus Chicken p4SdR 

fis" FSV-fpe Fujinami sarcoma virus Chicken P14(Y"L.& 
PRCII-bs PRCII sarcoma virus Chicken P 1 O F b  
PRCIV-fps PRCIV asrcoma vinie Chicken P17- 

Y a  Y73-yes Y73 avian sarcoma virus Chicken Fm 
ESV-ycs Eshiarcomavirus Chicken P P ' "  

r0.9 W-roc UR2 a h  ~ i r o m a  virus Chicken W."" 

moe" Moloney-mm Moloney murine narcoma virua Mouse 
Gazùar-mos Gazùar murine sarcoma virua Mouee 

ra8 h t e n - r a s  b t e n  murine sarcoma virua Rat p21" 
Harvey-ras Harvey murine sarcorna vinas Rst p21" 
Raeheed-ras Rasheed rat sarcoma virus Rat PWU'" 

abla ab1 Abebon murine leukemia virus Mouse P l P 4  

fes ST-fes Snyder-Theilen fe l i e  sarcoma Cat P 8 P m  
virus 

GA-fes Gardner-Amstein f e b e  Cat P11oN"- 
m o m a  vilus 

fms" MS-fms McDonough feiine Iiarn>rna Cat Pll(ru-'*" 
Wue 

ris sis Sthiian earcoma virus WooUy 
mon- 
key 

(d'après Coffin et a l ,  1981) 



Une autre question, apparentée aux précédentes, concerne la capacité des 

rétrovirus à transduire d'autres gènes cellulaires non transformants. 

Il est clair qu'à l'heure actuelle, i l  n'existe aucun mécanisme permettant 

de repérer des évènements rares de recombinaison entre les rétrovirus et 

des gènes dont les fonctions resteraient cryptiques. La capacité des virus 

à s'intégrer à plusieurs sites dans l'ADN cellulaire suggère que de nombreux 

évènements de recombinaison peuvent avoir lieu avec l'ADN de la cellule hôte. 

Les rétrovirus pourraient offrir un mécanisme plus général de déplacement des 

gènes, analogue à celui de transposons des procaryotes (Temin, 1980; 

Shimotohno et al, 1980). 

Pour la plupart des virus rapidement transformants, il  a été possible de 

mettre en évidence, isoler, et purifier dans certains cas une protéine 

spécifique, produit du gène v-onc - (voir Tableau VII). L'obtention de mutants 

viraux des gènes - onc, soit conditionnel s thermosensibles (ts) , soit non 
conditionnels de délétion (td), a permis d'impliquer les protéines - onc dans 

l'initiation et le maintien de la transformation. Certaines protéines virales 

sont localisées à la surface de la cellule transformée, soit à la face interne 

de la membrane plasmique (PGOsrc, - P2lras) - (Willingham et al, 1979; Willingham 
et al, 1980; Hynes, 1980), soit en tant que protéine transmembranaire (P120gag- - 
abl) (Witte et al, 1980). Ceci laisse à penser que la membrane cellulaire est - 
un des sites majeurs de 1 'action de ces protéines au cours de la transformation. 

Six des quatorze gènes - onc connus (src, fps, yes, ras, abl, et fes) codent 
- - - y - -  - 

pour une protéine associée à une activité phosphokinase, AFlP cyclique indépen- 

dante, qui utilise 1'ATP comme substrat afin de phosphoryler des résidus 

tyrosine (Collett et Erikson, 1978; I.!itte et al, 1980; Hunter et Sefton, 1980; 

Feldman et al, 1980; Pawson et al, 1980; Van deVen et al, 1980; Ghysdael et 

al , 1981). Le gène - ras code pour un polypeptide (P2lras) - qui se 1 ie spécifique- 
ment aux GTP ou GDP et qui peut être phosphorylé sur les résidus thréonine 

in vitro (Scolnick et al, 1979; Shih et al, 1980), suggérant que cette classe 

d'oncogènes transforme les cellules par un mécanisme comparable aux précédents. 

Aucune activité kinase (ou autre fonction connue) n'a pu être mise en évidence 

pour les protéines spécifiques des DLVs. Les protéines codées par les gènes 

v-erb, v-mac, et v-myb seraient impliquées dans le blocage spécifique de la -- 
différenciation de cellules appartenant à différentes lignées de l'hématopoïèse. 

Le modèle de Graf et Beug (1978) propose que les protéines virales aqissent par 

une réaction de compétition avec les protéines cellulaires homologues, exprimées 

dans les cellules cibles. A 1 'appui de cette hypothèse, i l  faut noter que les 



DLVs peuvent se r é p l i q u e r  dans l e s  c e l l u l e s  hématopoïétiques non c i b l e s  sans 

t o u t e f o i s  l e s  t ransformer  b i e n  que l a  p r o t é i n e  t ransformante y s o i t  exprimée 

(Graf  e t  a l  , 1980). L ' exp ress ion  des gènes c-onc - s e r a i t  donc f o n c t i o n  de 1 ' é t a t  

d i f f é r e n c i é  de l a  c e l l u l e .  Ce t te  hypothèse p r é d i t  que l e s  gènes c e l l u l a i r e s  

c-erb,  - c-mac, - e t  c-myb - sont  exprimés dans l e s  e r y th rob las tes ,  macrophages, e t  

mye1 oblas tes,  ou dans 1 eurs précurseurs d i r e c t s .  

Ce t t e  p r é d i c t i o n  sera d i f f i c i l e m e n t  v é r i f i a b l e  à cause de l a  d i f f i c u l t é  à 

o b t e n i r  des popu la t ions  pures de c e l l u l e s  c i b l e s .  En e f f e t ,  P,EV, YC29, e t  AVV 

ne t rans fo rment  respect ivement  que 100, 2500, e t  500 c e l l u l e s  c i b l e s  sur  
6 10 ce1 1 u l  es de moe l le  t o t a l e s  (Gazzolo e t  a l ,  1979; S r a f  e t  a l ,  1980). 

En a s s o c i a t i o n  3vec l e  pouvo i r  t ransformant  des DLVs sur  ces c e l l u l e s  hémato- 

po ïé t i ques  c i b l e s ,  l e s  DLVs o n t  l a  capac i té  d ' i n d u i r e  des sarcomes (AEV e t  FIC29) 

e t  des carcinomes (MC29). Ce pouvo i r  t ransformant  mu1 t i p l e  suggère que l e  méca- 

nisme de blocage de l a  d i f f é r e n c i a t i o n  par l e s  p r o d u i t s  spéc i f i ques  v i r aux  

n ' e s t  pas unique e t  que ces p ro té i nes  peuvent a v o i r  des e f f e t s  p l é i o t r o p e s .  

Les gènes ce1 1 u l a i r e s  (c-onc) - ,étant  homologues aux oncocènes v i r aux  (v-onc) - , 
d o i v e n t  auss i  posséder l a  capac i t é  de t ransformer  des c e l l u l e s .  

Comment un gène c e l l u l a i r e  d e v i e n t - i l  oncogène ? Hanafusa e t  a l  (1977),  

après i n j e c t i o n  aux pou le t s  de v i r u s  non t ransformants  ayant  perdu l a  p l us  

grande p a r t i e  du gène v -s rc  - ( t d  p a r t i e l s ) ,  on t  pu r é o h t e n i r  des v i r u s  sarco- 

matogènes q u i  o n t  acquis  l ' i n f ~ r m a t i o n  t ransformante pa r  recombinaison i n  v i v o  

avec l e  gène c e l l u l a i r e  c - s r c .  - Ces expériences sugaèrent que l a  r é i n t r o d u c t i o n  

des gènes c e l l u l a i r e s  c-onc - sous l e  c o n t r ô l e  du v i r u s  e n t r a î n e  une augmentation 

de 1 'express ion  de 1 'oncogène conduisant  au néoplasme (Idang e t  a l  , 1978; 

Karess e t  a l ,  1973; Vigne e t  a l ,  1980).  

Une expér ience analogue, u t i l i s a n t  l e s  techniques de clonage mo lécu la i re ,  

con f  irrne 1 ' i d é e  que 1 ' a c t i v a t i o n  des gènes c-onc - par l e s  régu la teu rs  v i r aux  

peu t  l e s  rendre  t ransformants  (Oskarsson e t  a l ,  1980: B l a i r ,  rlcclements, e t  

Vande Woude, communication personnel 1  e)  . B ien  que 1 'un  des oncogènes ce1 1 u l a i r e s  

c l o n é  de s o u r i s  (c-mos) - s o i t  i n a c t i f  par t r a n s f e c t i o n  e t  s o i t  incapable de 

p r o d u i r e  des foyers  de t r ans fo rma t i on  i n  v i t r o ,  son assoc ia t i on  à une séquence 

p romot r i ce  v i r a l e  ( l e  LTR) permet de l e  rendre  t rans fo rmant  avec une e f f i c a c i t é  

comparable à c e l l e  obtenue avec l e s  séquences clonées du v i r u s  de Yoloney (YSV). 

Les r é t r o v i r u s  pe rme t t r a i en t  1  'augmentation de 1 'express ion  d ' un  gène c e l l u l a i r e  

normalement exprimé à un taux p l u s  f a i b l e .  

Les v i r u s  des leucémies chroniques, b i e n  que ne possédant pas de gènes t r a n s f o r -  



mants, causent des lymphomes e t ,  dans c e r t a i n s  cas, d ' a u t r e s  néoplasmes 

( f i  brosarcomes , nephrobl astomes, é r y t h r o b l  astoses , ostéopétroses)  e t  des 

anémies. La longue pér iode  de l a tence  séparant l ' i n f e c t i o n  de l ' a p p a r i t i o n  

de tumeurs permet de penser que l e  processus de t r ans fo rma t i on  e s t  i n d i r e c t .  

Dans l e  système a v i a i r e ,  Hayward e t  c o l l s b o r a t e u r s  (Hayward e t  a l ,  1981; 

Neel e t  a l ,  1981) o n t  t r ouvé  que dans 85% des lymphomes i n d u i t s  par  l e s  ALVs, 

une séquence v i r a l e  é t a i t  i n t ég rée  à p r o x i m i t é  du gène c-mac - (maintenant 

appel é c-myc) - . L ' a c t i v a t i o n  du gène ce1 l u l a i r e  par  i n s e r t i o n  d ' un  promoteur 

v i r a l  en t ra îne  1  ' a p p a r i t i o n  de molécules d'ARN messagers hybr ides i n i t i é e s  

au n iveau de l a  séquence v i r a l e  insérée  (Hayward e t  a l ,  1981; Payne e t  a l ,  

1981). L 'accro issement  de l a  t r a n s c r i p t i o n  du gène c-myc - n ' a  é t é  d é t e c t é  que 

dans l e s  c e l l u l e s  tumorales transformées, ce q u i  amène à conc lu re  que l ' e f f e t  

des ALVs dans l e s  lymphomes de l a  bourse de F a b r i c i u s  e s t  i n d i r e c t ,  e t  passe 

pa r  1  ' a c t i v a t i o n  d ' u n  gène - onc connu. B ien  que l e  v i r u s  s o i t  capable de s ' i n t é -  

g r e r  à p l u s i e u r s  s i t e s  dans 1  'ADN c e l l u l a i r e ,  seu le  son i n t é g r a t i o n  à des s i  t e s  

p a r t i c u l i e r s  peu t  apparemment causer un néoplasme. La f a i b l e  p r o b a b i l i t é  pour 

un v i r u s  de s ' i n t é g r e r  au hasard à un s i t e  s p é c i f i q u e  veu t  exp l i que r  l a  longue 

pér iode  de l a tence  précédant l a  f ranche m a n i f e s t a t i o n  de l a  maladie.  

Les r é t r o v i r u s  peuvent i n d u i r e  des néoplasmes par  au moins deux mécanismes 

d i f f é r e n t s  : par  recombinaison e t  t r ansduc t i on  d'éléments c e l l u l a i r e s  c-onc, - 
ou pa r  a c t i v a t i o n  i n  s i t u  de ces gènes - onc pa r  l e s  régu la teu rs  v i r a u x .  

On p o u r r a i t  t r è s  b i e n  imaginer  que des mutat ions ou des réarwangernents dans 

l e s  éléments régu la teu rs  c e l l u l a i r e s ,  ou que l a  t r a n s p o s i t i o n  des gènes - onc 

eux-mêmes dans l e s  c e l l u l e s  somatiques, pu i ssen t  de l a  même façon a l t é r e r  

l ' e x p r e s s i o n  de l e u r s  p r o d u i t s .  Les r é t r o v i r u s ,  t ransformants  e t  recombinants, 

représen ten t  un système n a t u r e l  unique de p u r i f i c a t i o n  des gènes c e l l u l a i r e s  

impl iqués dans l e s  maladies.  

B ien  qu'aucun v i r u s  de ce genre n ' a i t  pu ê t r e  i s o l é  chez 1  'homme, des éléments 

onc homologues aux r é t r o v i r u s  son t  présents  dans l ' A D N  humain. - 
Il e s t  poss ib l e  que ces séquences j ouen t  également un r ô l e  impor tan t  dans l e s  

processus de développement, de d i f f é r e n c i a t i o n ,  e t ,  peu t -ê t re  dans l e  cancer. 

L ' i so l emen t  de ces gènes pa r  l e s  techniques de clonage mo lécu la i re ,  e t  l e u r  

a c t i v a t i o n  i n  v i t r o  d e v r a i t  permet t re  de c o n t r i b u e r  à l a  comprehension des 

processus auss i  b i e n  patho log iques que phys io log iques chez l'homme. 
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showed slgnificant homology. These results show 
that RAVOrelated sequences have not diverged 
together wlth the normal host genes during the 
nolution of the Phasianidae. Although RAVO se- 
quences are endogenous in YI  domestic chickens 
and Red Junglefowl studied thus far, it appears that 
the RAVO genome has been introduced relatively 
recently into the germ line of Gallus gallus, following 
speciation but before domestication, and independ- 
ently of the related sequences found in members of 
the genus Phasianus. 

Summar y Introduction 

The chicken is a domesticated form of Red Jungle- 
fowl (Gallus gallus), which belongs to the Pheasant 
family (Phasianidae) wlthin the order Galliformes. 
Domestic chickens carry the genome of the endog- 
enous retrovirus RAVO as DNA sequences Inte- 
grated into host chromosomes transmitted through 
aie germ iine. We have examined the presence and 
distribution of RAVQrelated sequences in the DNA 
of Red Junglefowl andother closely related species 
of Junglefowl, as well as more distantly related 
Pheasants and Quall. DNA sequences homologous 
Io R A V a  were analyzed by molecular hybridizatlom 
in liquid and after electrophoresls of iestricti~n en- 
donuclease fragments. The presence of RAV-e- 
bted sequences in avian DNA does not correlate 
with phylogenetic telationships. Under stringent 
conditions of hybridization in liquid, DNA sequences 
homologous to RAVQ cDNA were detected ai Mgh 
kvels (90% homology) only In the genomes of the 
domestic chicken and ita phylogenetic sncestw, 
the Red Junglefowl (Gallus galius). The DNA of two 
other 8pecIes of Gallus (G. sonneratl, Sonnerat's 
Junglefowl and G. vsrius, Green Junglefowl), of 
Rinwnecked Pheasant and of Japanese Quail con- 
bined sequences with 4 0 %  homology to RAVQ 
CONA. Under conditions permltting mismatching, 
however, Ring-necked Pheasant DNA hybridized up 
(O 50% of the RAVO cDNA, and Ouail DNA 24%. 
whereas the extent of hybrldization to Sonnerat's 
and Green Junglefowl DNA was not markedly In- 
ueased. Analysis of restriction enzyme digests n- 
vealed several distinct fragments of DNA hybridiz- 
Ing to chick retrovirus cDNA in both Red Junglefowl 
and domestic chicken, and multiple fragments In 
DNA from two species of Phaslanus. No fragments 
With sequences related to  chicken retroviruses werm 
hund, however, In digests of DNA prepared from 
sonnerat's, Ceylonese and Green Junglefowl, from 
h o  other Pheasant genera (Chrysolophus and L e  
Mura), or from one Quail genus (Coturnix). Thur 
the DNA of three Junglefowl species closely related 
to Gallus gallus lacked RAVO sequences while the 
ONA of more distantly rdated Phasianus spechs 

The concept that the genomes of retroviruses may be 
inherited by the host at chromosomal loci (Payne and 
Chubb. 1968; Bentvelzen et al., 1968; Weiss. 1969; 
Huebner and Todaro, 1969) has now been illustrated 
for numerous vertebrate host species (reviewed by 
Weiss, 1975; Aaronson and Stephenson, 1976; Ro- 
bison, 1978; Todaro. 1978). The origin and function 
of such endogenous viral genomes in the host. how- 
ever:remain obscure. 

Evidence that avian retrovirus geg and env genes 
(Baltimore. 1975) are transmitted through the germ 
line first accrued from studies of uninfected chick cells 
which synthesized viral gag antigens representing the 
group-specific virion core antigens (Payne and 
Chubb. 1968), and a helper factor which comple- 
mented env-defective strains of Rous sarcoma virus 
lacking the virion envelope glycoprotein, gp85 Weiss, 
1969; Hanafusa. Miyamoto and Hanafusa, 1970; 
Weiss and Payne. 1971 1. The presence of a complete 
viral genome in normal chicken cells became evident 
from the release of infectious virus. either spontane- 
ously (Vogt and Friis. 1971) or upon induction with 
mutagens Weiss et al., 1971 1. This endogenous virus 
is called Rous-associated virus-0 (RAV-O; Vogt and 
Friis. 1971). At first lt was thought that only those 
chickens expressing viral antigens inherited the ge- 
nome, but the ready induction of RAV-O from the 
antigen-negative Reaseheath Gline (Weiss et al., 
1971 ) and the presence of sequences homologous fo 
the RNA of avian leukosis viruses in the DNA of al1 
embryos tested (Rosenthal et al.. 1971; Baluda. 1972; 
Neiman, 1972,1973; Varmus et al.. 1972) suggested 
that al1 domestic chickens contain genes related to 
the genome of RAV-O, whether w not they were 
expressed. 

Examination of Red Junglefowl. the feral progenitor 
of domestic chicken (Darwin. 1868; Delacour. 1977). 
revealed the presence of a complete inducible viral 
genome and showed that gag and env antigens are 
expressed in embryonic cells (Weiss et al.. 1971; 
Weiss and Big~s. 1972). Furthermore. il was not 
possible to distinguish any difference between aie 
endogenous viruses of Red Junglefowl and several 



strains of domestic chicken. regarding the host range 
and antigenic properties of the major env gene prod- 
uct gp85, in contrast to the wide variation in gp85 
evident between exogenous strains of avian leukosis 
virus. These results suggested that the endogenous 
viral genomes of chickens and Red Junglefowl (Gallus 
gallus) were of common origin and that at least the 
env gene was highly conserved during domestication. 

Molecular hybridization experiments indicated that 
DNA sequences related to RAV-O are endogenous in 
other species of Galliform birds (Neiman. 1973; Kang 
and Temin, 1974; Shoyab and Baluda. 1975; Tereba. 
Skoog and Vogt. 1975; Stehelin. et al., 1976). The 
extent of annealing and the thermal stability of the 
hybrids formed between viral probes and host DNA 
appeared to correlate with the phylogenetic relation- 
ihip of the hosts, and led to the notion that RAV-O- 
related sequences diverged along with other cellular 
genes during Galliform evolution. 

This paper reports new observations that are incon- 
sistent with this interpretation. We have examined the 
DNA of four closely related species of Junglefowl. 
together with DNA of other Galliform birds. The RAV- 
O sequences in the Red Junglefowl (Gallus gallus) are 
closely related to those in chicken (also G. gallus). No 
RAV-O-related sequences are detectable, however. in 
the DNA of G. sonnerati (Sonnerat's or Grey Jungle- 
fowl). G. lafayettei (Ceylonese Junglefowl) or G. varius 
(Green or Japanese Junglefowl), yet sequences with 
partial homology to RAV-O are present in the DNA of 
two species of the less closely related True Pheasants 

. (genus Phasianus). Thus the distribution among Gal- 
liform birds of genetic sequences related to the en- 
dogenous chicken retrovirus is sporadic in nature. in 
contrast to the previous evidence which suggested a 
phylogenetically related distribution and diversifica- 
tion of RAV-O genes. 

Expression of Endogenous Viral Genes ln the 
Galliform Species Stud id  
Embryo fibroblast cultures were established from al1 
the available species of embryo. The expression of 
helper factors for env-defective RSV was tested by 
CO-cultivation with 160 cells (Murphy, 1977). and the 
spontaneous release of infectious retrovirus was 
tested by cocultivation with gs' c h f  chick cells and 
with Sonnerat's Junglefowl cells. 01 the Galliform 
species used in this study, only embryo fibroblasts of 
domestic chicken, Red Junglefowl (Gallus gallus) and 
Japanese Green Pheasant (Phasianus versicolor) 
were helper factor positive. The RSV pseudotypes 
rescued by domestic chicken and Red Junglefowl 
cells carried the subgroup E env specificity as judged 
by host range and interference assays. whereas the 
RSV pseudotypes formed with Japanese Green 
Pheasant cells resembled subgroup F, characteristic 

of the endogenous virus of the closely related Ring- 
necked Pheasant (P. colchicus). Upon prolonged pas 
sage. two out of eight Japanese Green Pheasant 
embryo fibroblast cultures released low titers of an 
infectious virus with subgroup F properties. 

No helper factors or retroviruses were produced by 
Sonnerat's Junglefowl fibroblasts or by leukocyte cul- 
tures ~f Green Junglefowl. A fuller description of the 
endogenous helper factors. susceptibility to exoge 
nous infection and other properties of a variety of 
Galliform fibroblasts will be reported separately (H. 
Murphy and R. Weiss, unpublished observations). 

Annealing of Chicken Unique Sequence and 
RAVOSpecific Probes to Normal Avian DNAs 
To determine the relatedness of the DNA of different 
avian species to that of the chicken. and to investigate 
the presence of RAV-O-related sequences. avian DNA 
preparations were hybridized to chicken unique se- 
quence and to RAV-O-specific probes. respectively. 
Figure 1 shows the kinetics of hybridization. under 
stringent conditions. of unique sequence chicken DNA 
and of RAV-O cDNA to the DNA of the domestic 
chicken. three species of Junglefowl. Ring-necked 
Pheasant and Japanese Ouaik All values have been 
corrected such that the maximal reassociation be- 
tween the 'H-unique sequence chicken DNA and 
chicken DNA represented 100% annealing (see leg- 
end to Figure 1). At a Cot of 2 x IO4 mole-sec/l. the 

C,t (mole sec/ l) 

Figure 1. ~ i r k t i c s  of Annealing of RAV-O cDNA and Uniw 9- 
quence Chicken DNA to Various Avien DNAI 
'H-unique 6eqxnce chicken ONA *+) w-RAVO cûNA 
oi-c> wen? annealed (o exces cellular DNAI hom Mnws 3v- 

.pecies al 6B0C in O 6 M NaCI. 0.02 M Tris-HCI (pH 7.4). 0 01 M 
EDTA. and the percentage of anneating was assayed by Sl nuclear 
digestion as dexribed in Experimental Procedures. (A) DOineStr 

chicken DNA; (6) Sonnerat's Jungletowl DNA; (C) Green Jungleq& 
DNA: (D) Red Junglefowl DNA; (E) Ring-necked PheaSant DNA. 0 
Japanese Ouail DNA. Annealing values have been slaWdùcd such 
thal the maximal pialeau vatue 01 îhe 'H-uni~ue requence chickm 
DNA in (A) repre5ented 10096 anneating: JI other values. includlnp 
MOSe for the 'H-RAv-O cDNA. have been corrected by Me 
I a c t ~ .  (Uncorrecled values tor mnealing of me RAVO cDNA are 
presented in Tabla 1 .) 



unique sequence chicken DNA annealed extensively 
(>95%) to each of the Junglefowl (Gallus) species 
examined, and the Cot1,2 of each reaction was ap- 
proxrmately 1 x IO3 mole-sec/l. The unique se- 
quence chicken DNA annealed to 25% with Ring- 
necked Pheasant DNA and to 20% with Japanese 
Quail DNA. These values are consistent with s\udms 
of the evolutionary relatedness of their albumins and 
transferrins (Prager et al., 1974) and with the classical 
systematics of these members of the Phasianidae 
(Darwin. 1868; Delacour. 1977). 

In contrast to the results obtained using unique 
seqdence chicken DNA, the annealing of RAV-O cDNA 
to cellular DNA revealed species-specific homology. 
Whereas the RAV-O cDNA annealed extensively to 
DNk of chicken (81%) and Red Junglefowl (99%). 
little or no homology was detected in DNA from the 
other Junglefowl species or from the Pheasant and 
Quail. The  CO^^,^ values for duplexes forrned between 
RAV-O CDNA and chicken and Red Junglefowl DNA 
(1 x 1 O3 and 3 x 1 O2 mole-sec/l, respectively) sug- 
ges! that chicken DNA contains between 1 and 2 
copies per haploid genome of RAV-O-related infor- 
mation, whereas Red Junglefowl DNA has 3-4 copies 
per haploid genome. 

The above experknents were performed on DNA 
preparations from peripheral blood eryihrocyte nuclei 
(isolated in each case from one bird). with the excep- 
tion of the chicken, Ring-necked Pheasant and Jap- 
anese Quail DNA preparations, which were obtained 
from pooled whole embryo tissue. Similar results were 
obtained when other DNA preparations from these 
birds were examined. 

Thermal Denaturatlon Studios 
Although the results of cross-annealing kinetic studies 
using unique sequence chicken DNA (described 
above) conform well to the existing classification of 
these avian species, thermal denaturation profiles of 
the cross-annealed DNAs were determined to examine 
the molecular relatedness of these DNAs more pre- 
cisely. 

The 'H-unique sequence chicken DNA was an- 
nealed to DNAs prepared from chicken, Red Jungle- 
fowl, Sonnerat's Junglefowl. Green Junglefowl and 
Ring-necked Pheasant to a Cot of 2 x 1 O' mole-sec/ 
1. The duplexes were then subjected to thermal de- 
naturation analysis as detailed in Experimental Pro- 
cedures. 

The thermal denaturation profiles for the DNA Sam 
ples annealed to the unique sequence chicken DNA 
are shown in Figure 2 (solid symbols). It is evident that 
all the Junglefowl species studied are very closely 
related, having T& of 89 * 1 OC with the unique 
sequence chicken DNA in an average of three exper- 
iments. Under the same conditions the 'H-unique 
sequence chicken DNA gave a Tm of 85OC with Ring- 
necked Pheasant DNA. An analogous experiment in 

Figure 2. Thermal Denaturation Profiles of Duplexes Formed be- 
iween Unique Sepuence Chicken DNA and Nonnal Avian DNAs 

The avian DNAs were annealed to3H-unique muence chicken DNA. 
7,s were determined and the values were nomalized as de~ribed in 
Experimental Procedures. A duplex formed between "P-tdPrC cDNA 
and XC cell DNA was included in each T, wries as an interna1 control 
(open symbols. corresponding to key for Pofid spbols given below). 
Thermal denaturalion of duplexes formed between 'H-unique se- 
quence chicken DNA and chicken DNA (-); Red Jungkfoui 
DNA Rt--(n; Sonnerat's Junglefowl DNA (A-U: Green Jungle- 
lowl DNA (.-'I); Ring-necked Pheasant ûNA (-). 

which 'H-Ouail DNA was annealed to chicken DNA 
gave a Tm of 81 I 1 OC (data not shown). The extent 
of annealing of duplexes (formed at a Cot of 2 x 10' 
mole-sec/l and still remaining after incubation at 
80°C) between the 'H-unique sequence chicken DNA 
and the various avian DNAs indicated that Red Jun- 
glefowl and chicken were more closely related to one 
another than to either G. varius or G. sonnerati. These 
results, together with the kinetic studies described in 
the previous section. show that the two hitherto un- 
studied Junglefowl species are indeed very closely 
related to both the domestic chicken and its phylo- 
genetic ancestor, the Red Junglefowl. Furthermore. it 
rnay be concluded that al1 the Junglefowr species are 
phylogenetically much closer to the domestic chicken 
than to either the Pheasant or Quail svecies studied. 

Annealing of the RAVQSpecific Probe to Normal 
Avian DNAs under Less Stringent Conditions 
In view of the extremely low levels of RAV-O homology 



Sonnerat3 , . Green Jungle 

Fraction Number 
Figum 3. Hydroxymante ChromatograPhy of Duplexw behveen RAV-O cDNA and Various Nomal Adan DNAs Fwmsd undm Vuying Conditions 
Ot st- 
Elution profiles from hydroxyapatite chromatography columns oi %-RAV-O cDNA annealed Io varbus nonnal adan DNAs under (A) "mhigent" 
(0.6 M NaCl at ôB°C) or (8) "relaxed" (1.5 M NaCl at 68'C) conditions. Further details are given h Experirnental Procedures. The a m  et 
fraction 5 indicates a bufier change irom 10 mM to 0.1 4 M mdium phosphate (pH 6.8). and the arrow at traction 13 hdicates r change k m  O. 14 

M to 0.40 M mdium phosphate @H 6.8). 

found within both Sonnerat's and Green Jungelfowl 
DNAs, together with the low levels found in the DNA 
of the Ring-necked Pheasant (Phasianus colchicus). 
a species which had previously been found to be 
positive for RAV-O-related sequences (Neiman, 1973; 
Kang and Temin, 1974; Tereba et al., 19751, we 
examined these avian ONAs for RAVOrelated s e  
quences under less stringent coklitions of hybridiza- 
tion. Such conditions allow the detection of mis- 
matched hybrids (Rice and Paul. 1971). The 'H-RAV- 
O cDNA was annealed to the avian DNAs as described 
in Experimental Procedures, in the presence of either 
0.6 M NaCl (stringent conditions) or 1.5 M NaCl 
(relaxed conditions). and the extent of annealing was 
estimated by hydroxyapatite (HAP) chromatography 
at 60°C as shown in Figure 3. A summary of these 
results is presented in Table 1. giving unconected 
values for the percentage of the 'H-RAV-O cDNA 
probe in duplexes at the two conditions of stringency 
examined together with the values obtained by S1 
nuclease assay of hybrids formed in 0.6 M NaCl (see 
Figure 1) for comparison. It is evident that analysis of 

the duplexes formed in 0.6 M salt by HAP chromatog- 
raphy gave results essentially analogous to those 
obtained when such duplexes were analyzed by SI 
nuclease. that is, extensive RAV-O homology was 
detected sofely in the DNA prepared from domestic 
chicken (Red Junglefowl DNA was not examined in 
these experiments). When these DNAs were hybrid- 
ized to the RAV-O cDNA in 1.5 M NaCl and assayed 
on HAP. however. a marked increase in the level of 
cDNA annealing to Ring-necked Pheasant DNA was 
observed compared to lower increases in the degree 
of annealing to the other avian DNAs. These results 
indicate that Ring-necked Pheasant DNA contains 
extensive regions of partial homology to RAV-O. 
whereas the levels of RAV-O homology within Son- 
nerat's and Green Junglefowl DNAs are comparable 
to that found for Japanese Ouail DNA. Also included 
in Table 1 are the Tm values for the duplexes formed 
between the 'H-unique sequence chicken DNA and 
the various avian DNAs. These values give an indica- 
tion of the degree of relatedness of the cellular se- 
quences within these DNAs. 
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Table 1. Hykidiuition of 41-RAVO cDNA to Normal Avian DNAs under Varying Conditions of Smngmcy 

Extent of Hybridiition (96) of 'H-RAVO as w m  by: 

Approxhnate 
Hydroxyapatite Chromotographf 1, ulth phwk 

k-unipw Distance from 
Stfingent Rekxed ûewmce ûomestic 

SI Nucbase Conditions of Conditiw of Chicken DNA Chicken (Y- 
Source ot DNA Di90(Ltiona Hybridition Hybridizatlon ('Cr X 10-36 

OMnestic chkken (Spafas) 54 82 81 89 O 

Rad JungIefowI 68 KT NT 89 O 

Golf thym- NT 5 1 O - - 
Values refer to Hm uncorrected parcentage of me total cpm of the 'H-RAVO cDNA remaining acid-pecbltable iffer's, nucbase digestion (ute 
bgend to Figure 1 and ted). 
'Values refer Io the unconected parcentage of the total cpm of Me 'H-RAVO CDNA eluting as double-stranded DNA f r m  a hydroxywtite 
column (see Exparimental Rocedures). Stringent conditions invohred hybridization at 6ü0C h 0.6 M NaCl: relaxed conditions hybridiution at 
69°C in r .5 M NaCI at 68'C (for tumer detells see Experlmental Procedures). 
' T, values are taken from Figure 2 and the unpublished data of the authors (for furthcr details see lspend to Figure 2 a d  rxt).  

As estimated by Prager et al. (1 974) on the basis of the immunological relatedness of transfemin and a h I n .  
The data pesented were obtained wiîh DNA pepared irom a single bird. Other experiments parformecl with DNA poded trom Iive embryos. 

hever. Jso pave chparably low u a b s  of homology to the RAVO cDNA when hybridued in the pesence of 0.6 M NaCt. The highest b ~ &  of 
homology to RAVQ aequences h an individual embryo DNA under these conditions of hytwidization detected by SI nucleau, assay was 11 96 
(un-). 

'NT - not temd. 

Restriction Enzyme Analysis of RAVORelated Cleavage of Spafas chicken DNA with Eco RI (lene 1) 
Sequences Present within the DNAs of Junglefowl revealed three RAV-O-related DNA fragments of ep- 
and Pheasant Specier proximate molecular weights 13.0 X 1 06, 6.0 x 1 OB 
To examine further the possibility of the presence of and 2.6 x 10'. in agreement with the pattem obtained 
low levels of sequences homologous to RAV-O cDNA for the same chicken embryo examined by J. Arrand. 
present within the DNAs of Sonnerat's and Green C. Glover and E. Humphries (personal communica- 
Junglefowl, these DNAs together with domestic tion). The 2.6 x 10' moiecuiar weight fragment has 
chicken (Spafas strain) and Red Junglefowl DNA were been shown to represent an intemal DNA fragment of 
rubjected to restriction enzyme digestion and analysis the endogenous RAV-O provirus (S. Hughes et al.. 
using the DNA transfer and hybridization methods personal communication; J. Arrand, C. Glover and E. 
developed by Southern (1975). Since we found that Humphries, personal communication). Eco RI diges- 
DNA from Ring-necked Pheasant (a species phylo- tion fragments of Sonnerat's Junglefowl DNA (lane 2). 
Qenetically quite distant from Junglefowl) contained Green Junglefowl DNA (lane 4) and Silver Pheasant 
significantly more RAV-O-related information than-the (Lophura nycthemera) DNA (lane 8) failed to demon- 
exotic species of Junglefowl, DNAs from this and strate significant annealing to the S2P-tdPrC cDNA. 
other Pheasant genera were also examined using this Additional experiments with DNAs from Golden 
technique. High molecular weight DNAs were digested Pheasant (Chrysolophus pictus) and Japanese Quai1 
with Eco RI endonuclease and the fragments were (Coturnix cotumix) similarly showed no specific an- 
separated by agarose gel electrophoresis prior to nealing of the same probe (data not shown). In marked 
tiansfer to nitrocellulose filters and annealing to aSIP- contrast. al1 three embryos from the Phasianus genus 
tdPrC cDNA (tdPrC is 85% homologous to RAV-û (two embryos of the Japanese Green Pheasant. P. 
RNA; Neiman et al., 1977). The pattem of RAV-O- versicolor. and one embryo of the Ring-necked Pheas- 
related Eco RI digestion products was detected sub- ant, P. cdchicus) revealed multiple fragments of DNA 
Sequently by autoradiography. All DNAs were rou- hybridizing to the viral probe (lanes 5, 6 and 7). 
tinely checked for DNAase contamination, complete- Although some restriction fragments were found in 
ness of restriction enzyme digestion and satisfactory common among these Phasianus species. several dif- 
bansfer of restriction fragments to the cellulose nitrate ferences were noted. Furthermore. il is of interest to 
filter prior to hybridization, as detailed in Experimental note that although identical amounts of cellular DNA 
procedures. were present in the three lanes (5.6 and 7) of Pheas- 

Figure 4 is an autoradiograph of such an analysis. ant DNA. the hybridization of RAV-O cDNA to Ring- 



:ig;re 4. RAV-Oaelated Specific Eco RI Fragments in DNA %mp(es 
tom Various Avian S w l s r  

3NA was extracted from îibroblast cultures of individual awan am- 
~ryos or ïrom peripheral blood erythrocytes. and equivalent amwnts 
,f DNA w r e  digested by Eco RI cmdonuciease (ciee E~perimental 
Procedures). The fractiiation of DNA if agments by agarosa QUI 
Mectrophoresis and transfer Io nitrocellulose finers were as describeci 
by SouMern (1975). The tilters were annealed to UP-tdPrC cDNA 
and Me RAVO.retated DNA fragments wwe located by autoradiog- 
raphy as described in Experimental Procedures. Marker DNA hom 
Jhage A was (ncluded in each digestion to dûtennine mokuiar 
weights. which am .hm X 1 O-'. f he SaInpies wwe: (lane 1 ) SpafaS 
chkken DNA (tissue cunure fibroblastr. ambryo 100): (lane 2) Swt 
neral's Junglefowi DNA (tissue culture fibroblasts. embfyo 6); (Iane 
3) Sonnerai's Junglefowi DNA (tissue culture Nbrobiasts. embryo 6) 
mfected with RAVO (see Exparimental Procedures); (lane 4) Qrm 
Junglefowl DNA (prepared from erylhrocyle nuclei ot an adun bkd); . .' 
(lane 5) Japanese Oreen Pheasant DNA (tissue culhrte likoblattr. 
unbryo 2); (lane 6) Jwnese Green Pheasant DNA (tissue culhin 
Iibrobbsts, m k y o  6); (lane 7 )  Ring-necked PhsWint DNA (k0m 
tissue cunure fibroblasts. m k y o  2): (lane 8) Silver Pheasant DNA 
(prepared hom erylhrocyte nu* 01 an adun Ml; (lane O) XC c d  
DNA. (XC cens contain m l p i e  copias ot the R d S V C  gemme. and 
the 2.6 x 10' danon Eco RI band repesentin~ th. Mwnal tragmonl 
of the RAV-0 poviM b davty da&&.) 

necked Pheasant DNA on this and other filters a p  
peared stronger than îhat to Japanese Green Pheas- 
ant DNA. Studies with anothei restriction endonucle- 
ase, Bam HI. confirmed the interpretation of the results 
given above for the Eco RI enzyme (data not shown). 

We have recently had the opportunity to examine 
the DNA of the Ceylonese Junglefowl (O. Lafayette0 
for RAV-O-related sequences. thus completing ow 
suwey of the extant species of the genus Gallus. 
Figure 5 shows the restriction pattern of Red and 
Ceylonese Junglefowl in addition to further Sonnerat's 
Junglefowl. Red Junglefowl DNA (lane 3) gave an Eco 
RI restriction pattern quite distinct from that observed 
for Spafas chicken DNA (lane 2). with the notaMe 
exception of a 2.6 x 10' dalton fragment. Neither the 
DNAs of four Ceylonese Junglefowl (lanes 4-11 nor 
the DNAs of four further specimens of Sonnerat's 

Junglefowl (lanes 8-1 1) yielded Eco RI fragments that 
hybridized to RAV-O cDNA. Faint bands, however, of 
4.6-4.9 x 10' daltons were observed in the DNA 
digests of both Ceylonese and Sonnerat's Junglefowl. 
il was suspected that these bands represented restric- 
tion fragments of ribosomal genes, hybridizing a tow 
amount of 28s ribosomal cDNA and possibly contam- 
inating the RAV-O cDNA probe. That this was inde& 
the case was indicated by melting off the RAV-O CDNA 
from the filter and reincubating the filter with a CDNA 
probe prepared from 28s and 18s RNA of NIH;3T3 
cells. Upon subsequent autoradiography. two faint 
series of bands (0.9 x 1 O6 and 14 X 10") were visible 
in al1 lanes as well as one intense band (at 4.9 x id 
for G. gallus and 0. lafayettei. and at 4.6 x 1 0 9 ~  G. 
sonnerati). These intense bands were precisely su- 
perimposable over the faint bands detected on the 
same filter by the RAV-O probe. 

Eco RI endonuclease digestion of DNA from Som 
nerat's Junglefowl cells that had been infected exper- 
imentally with RAV-O (lane 3 of Figure 4, lane 13 of 

Figure 5) gave a single restriction fragment of molec- 
ular weight 2.6 x 106, corresponding to the interna1 
Eco RI fragment of RAV-O DNA (see above). This 
result shows that Sonnerat's Junglefowl cells are 
readily susceptible to infecfion by RAV-O. The diffuse 
hybridization visualized solely in these two lanes sug 
gests that RAV-O sequences are integrated within high 
molecular weight DNA at a sufficiently large number 
of sites to exclude the visualization of distinct restnc- 
tion fragments containing viral DNA linked to cellular 
DNA. 

Several conclusions may be drawn from our data 
regarding the presence and distribution among Jun- 
glefowl and Pheasant species of DNA sequences r e  
lated to the genome of the endogenous chicken retrcb 
virus. RAV-O. Extensive homology to RAV-O cDNA 
was found within Red Junglefowl DNA. thus providing 
additional data supporting previous biological evi- 
dence (Weiss et al.. 1971; Weiss and Biggs, 1972) 
mat Red Junglefowl carry a genetically transmitted 
virus closely related to RAV-O. Reassociation kinetics 
studies suggested that 1-2 copies of the RAV-O ge- 
nome are present per haploid genome of the domeste 
chicken, in agreement with Neiman (1 973) and Grov 
dine et al. (1978). whereas Red Junglefowl DNA aP- 
peared to contain 3-4 copies of RAV-O per haploid 
genome. At the level of stringency (0.6 M NaCl) used 
in Our initial studies, little if any homoloqy to RAV-O 
cDNA was found within the DNA of Sonneret's Jungle 
fowl, Green Junglefowl, Ring-necked Pheasant and 
Japanese Ouail DNAs (see Tabie 1). Under more 
relaxed conditions (1.5 M NaCl, hydroxyapatite chro- 
matography) which permit the detection of up to 15% 
mismatched duplexes (Rice and Paul. 1971 ; Stehelln 
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Figure 5. RAV-O-Related Specific Eco RI Fragments in DNA Samples i r  om Fwihsr G a h s  Soecies 

N A  was extracted irom fibroblast cultures of individual embryos or irom peripheral Mood erythrocytes as indicated. and digested by Eco RI 
.ndonuclease; the digests were fractionated by agarose gel electrophoresis and transferred to nitrocellulose filters as described in Experimental 
Procedures. The filters were thtn apnealed to a UP-RA~-O cDNA and the RAV-û-relaled kagments were located by autoradiography. UP4abeled 
Xba and Eco RI digests of Adenovirus 2 (Ad21 DNA wete included as molecular weight markers The ramples were. (lane 1) "P-labeled Eco RI 
-est of Ad2 DNA; (lane 2) Spafas chicken DNA (tissue culture fibroblasts. embryo 100); (lane 3) Red Junglefowl DNA (tissue culture fibroblasts): 
Onnes 4-7) Ceylonese Junglefowl DNA (prepared irom eryfhrocyte nuclei fr0m four individual birds): (lanes 8-1 1) Sonnerat s Junglefowl DNA 
(prepared irom erthrocyte nuclei irom four individual birds): (lane 12) Sonnerat's Junglefowl DNA (ttssue culture fibroblasts. embryo 6): (lane 13) 
Sonnerat's Junglefowl DNA (tissue culture fibroblaste. embryo 6) infected with RAV-O (see Exwrirnental Procedures): (lane 14) yP-labeled Xba 
digestion iragments of Ad2 DNA. 

et al., 1976). however. a marked increase in annealing tially related to RAV-O were found within the DNA of 
of Ring-necked Pheasant DNA to RAV-O cDNA be- the more distantly related Phasianus species. The 
came evident, while the degree of RAV-O homology DNAs of two other Pheasant genera (Chrysolophus 
within the DNAs of Sonnerat's and Green Junglefowl and Lophura). closely related to Phasianus and more 
was still comparable to that found for Japanese Ouail distantly to Gallus (unpublished results of the authors). 
DNA. Furthermore, analysis of restriction endonucle- also failed to reveal significant levels of RAV-O ha- 
ase fragments of these avian DNAs revealed multiple mology when examined by liquid hybridization and by 
high molecular weight fragments containing se- restriction endonucleases (Figure 4 and Our unpub 
quences related to RAV-O cDNA in Ring-necked and lished observations). Thus RAV-O sequences have 
Japanese Green Pheasant (Phasianus species) DNAs. been found only in Gallus gallus, representing the 
whereas no significant hybridization was found to domestic fowl and Red Junglefowl, and related se- 
restriction endonuclease fragments of Sonnerat's, quences showing less homology and a markedly dif- 
Ceylonese and Green Junglefowl DNAs. ferent restriction enzyme pattern have been found 

Our molecular hybridization data on the relatedness only in the genus Phasianus. Little if any homology 
of various avian DNAs, obtained using chicken unique was observed in the DNA of one Ouail genus studied 
ôequence DNA, are consistent with the classical sys- (Coturnix). representing a Phasianid genus only dis- 
tematics of the Phasianidae. demonstrating in partic- tantly related to Gallus or Phasianus. While Our data 
ular that the cellular DNAs of al1 the Gallus species are consistent with those of previous reports (Kang 
studied are closely related, there being only small and Temin, 1974; Shoyab and Baluda. 1975; Tereba 
differences in the extent of cross-annealing and less et al.. 1975), insofar as hybridization under different 
than 2.0°C change in thermal stability. These results conditions is comparable. the new data for ~unglefowl 
indicate the recent divergence of the different Gallus species and for further genera of Pheasants have 
species from a common ancestor. revealed an unexpectedly discontinuous representa- 

It is thus apparent that three of the four closely tion of RAV-O sequences in the nuclear DNA of mem- 
related species of the genus Gallus appear to lack bers of the family Phasianidae. 
Oene sequences related to the endogenous chicken The specific occurrence of complete RAV-O ge- 
retrovirus as detected by kinetic hybridization or re- nomes in Gallus gallus but not in the other Gallus 
Striction enzyme analyses. whereas sequences par- species strongly suggests that the germ line of G. 



pallus acquired the RAV-û genome by infection after 
separation from the other species, although the dele- 
tion of entire viral genomes from these other species 
cannot be ruled out. Our data, therefore, do not sup- 
port previous suggestions that the extent of RAV-O 
homology within the DNA of a Galliform bird depends 
upon the phylogenetic distance of that species from 
the domestic chicken. The sporadic occurrence of 
RAV-O-related sequences in avian DNA suggests that 
the origin of RAV-O does not follow the evolution of 
endogenous retroviruses as postulated in either the 
virogene (Huebner and Todaro. 1969; Todaro and 
Huebner, 1972) or the protovirus (Temin 1971. 1974) 
hypotheses. The virogene concept infers the diver- 
gence of endogenous retrovirus genomes from an 
ancestral viral genome in the germ line of vertebrates 
in parallel with host gene divergence; the protovirus 
hypothesis postulates that endogenous viruses arise 
within each host species (or even individuals) from the 
rearrangement and evolution of cellular genes. Our 
results favor a different interpretation for the presence 
of RAVUrelated sequences in the DNA of some mem- 
bers of the Phasianidae. We propose that the occur- 
rence of RAV-O genomes in G. gallus and of se- 
quences partially related to RAV-O in Phasianus col- 
chicus and P. versicolor represent independent infec- 
tions of the germ lines of the two genera. The se- 
quences partially related to RAV-O in Phasianus DNA 
probably represent the endogenous Ring-necked 
Pheasant virus, which is related to RAV-û (Hanafusa 
and Hanafusa 1973; Fujita et al.. 19741, although 
their env genes are quite distinct (Hu, Lai and Vogt. 
1978; Fujita et al., 1978). At the present time we do 
not know which hast harbored RAV-O-related viruses 
before their introduction into Phasianus species and 
Gallus gallus. but we can conclude that the viral 
genomes have been acquired recently (in evolutionary 
terms) from an external source. 

The inheritance of exogenously acquired viral g e  
nomes has been exemplified previously by Benveniste 
and Todaro (1 974, 1975) in their studies of the e w  
dogenous cat virus, RD1 14. The genome of R D 1  14 
is preçent in the germ line of some but not al1 species 
of Felis, and it is genetically related to the endogenous 
virus of baboons. The virus-host relationship of RAV- 
O and G. gallus, however, is not entirely analogous to 
that of RD1 14 and Felis. First, RAV-O is not repre 
sented as reiterated viral genomes at a single locus. 
as RD1  14 appears to be (Benveniste and Todaro, 
1975); second, sequences related to RAV-O RNA are 
present in only one of the four extant species of 
Gallus, whereas R B 1  14 is present in al1 Euro-Medi- 
tenanean Felis species; and third. RAV-O is closely 
related to the infectiously transmitted chicken leukosis 
viruses. thus allowing continuing interactions between 
endogenous and exogenous genetic elements. 

Indeed, endogenous and exogenous retrovirus ge- 
nomes undergo frequent genetic recombination 

(Weiss, Mason and Vogt, 1973; Hayward and Hana- 
fusa, 1975). Laboratory recombinants between 
chicken and pheasant viruses have also been de. 
scribed (Shoyab and Baluda. 1975; Temin and Kass- 
ner, 1976; Hanafusa et al., 1976; Keshet and Temin, 
1977; Hu et al.. 1978). It is possible that cross-infec- 
tion and recombination may take place naturally 
where the appropriate host species are in contact. 
While this is likely to be a rare occurrence in feral 
populations, we have preliminary evidence that cross- 
species infection can occur between domestic chi&- 
ens and distantly related species living in close prox- 
imity in a semi-domesticated situation (our unpub 
lished observations). 

Among domestic chickens, the éxogenous leukosis 
viruses are frequently transmitted through congenitai 
infection of eggs, resulting in chronically viremic birds 
(Burmester, Gentry and Waters. 1955; Rubin, Corne- 
lius and Fanshier. 1961 ). There has thus been ample 
opportunity for new insertions of these viruses into the 
chicken germ line or insertions of recombinants de- 
rived from exogenous and endogenous sequences. 
But investigations have so far failed to reveal genes 
for helper factors or inducible viral genomes possess- 
ing the env specificity of exogenous virus strains in 
the germ line of any cyckens or Red Junglefowl 
(Weiss and Biggs, 1972). Recent evidence, however. 
shows that there is considerable heterogeneity in or- 
ganization location of RAVUrelated sequences in 
different breeds of the domestic chicken (Astrin. 
1978; J. Arrand, C. Glover and E. Humphries. per- 
sonal communication; S. Hughes et al.. personal com- 
munication); similar heterogeneity is apparent for 
RAV-O-related genetic elements within the germ line 
of Red Junglefowl (our unpublished observations). 
Heterogeneity has also been found in inbred and wild 
mice (Mus musculus) for murine leukemia virus ge- 
nomes (Chattopadhyay et al., 1975; Steffen and Weirt- 
berg. 1978) and murine mammary tumor virus ge- 
nomes (Cohen and Varmus. 1979). 

We envisage that RAV-O first infected Gallus gallus 
after speciation but before domestication, and that 
this virus was the progenitor of exogenous chicken 
leukosis viruses as well as the endogenous genetic 
elements transmitted through the germ line. The Red 
Junglefowl DNA studied here contained more copies 
of RAVO-related sequences than did Spafas White 
Leghorn Chicken DNA. and showed a more cornplex 
Eco RI restriction pattern. suggesting that RAV-O 
quences are integrated at several chromosomal sites 
in Red Jungelfowl DNA. Further studies of the orge- 
nization of RAVO-related sequences in the DNA 
Red Junglefowl trom different locations are in P r w  
ress, together with studies direct& toward detemi* 
in9 the relationship between the endogenous viral 
sequences of the Gallus and Phasianus genera. 

The results of Our studies of the four ~unglefod 
S P ~ C ~ ~ S  do not exclude the possbility that G.  sonnef- 





Sonkation and Alkaline Iknaturatlon of DNlu 
Spooled DNA preparations were iicthated at SODC mmentarily to 
m u r e  the dissolalion of the DNA. end then checked ta protein ad 
phenol contamination by scanning in the ultraviolet spectrum from 
180-360 nm (Perkin Elmer spectiophotmeter). Reextraction wkh 
PU or Ci was performed if necesary. The DNAs were sonicated at 
position no. 7 (7OW Branwn Sonifier) for 10 min at SOC. and incu- 
bated overnight in 0.3 N NaOH at 37'C. Afler the addition of one 
bnth vol 2 M Tris-HCI (pH 7.5). 2 M sodium acetate containing a 
trace of phenol red Inoi~ator. the alkali-treated DNAs were adjusted 
b neutral pH by the addition of 3 N HCI and precipitated with 2 vol of 
99 8% ethanol. 0.2 M sodium acetate. at -20°C. The DNAs were 
dissolved in TE buffer prior to ultraviolet spectral analysis. The AM/ 
Alur ratio was >1.95 for al1 DNAs tested. Ouantitation of DNA s a m W  
was by me mithramycin meîhod as dexribed by Hill and Whatley 
(1975). and the final concentration was adjusted to -10 mg/ml. 
DNAs prepared in Mir way were approximately 500 nucleotides in 
length as estimated by electrwhoresis in a 1 .O% alkaline agarose gel 
(see above) using Hpa II restriction fragments of polyoma DNA as size 
markers (data not shown). 

Growth and Purifiution of Virus RNA. 
Early passage line 100 (C/O) cells were weded in Cwning plastic 
rollers in the presence of 2.5 @/ml 'H-uridine and grown to ccmflu- 
ence. Medium was harvested every 4-6 hr from fully confluent 
monolayers. Viruwontaining medium was stored at 0-4'C and virus 
was processed through \O an RNA precipitate on a daily basis. Virus 
was extracted by clarification at 12.000 X g for 10 min followed by 
sedimentation (39,000 x g for 30 min at 4'C); the pellets were 
resuspended in STE [20 mM Tris-HCI (pH 7.5). 100 mM NaCI. 1 mM 
EDTA]: and proteinase K was added to a final concentration of 200 
fig/ml prior to incubation for 10 min at room temperature. Alter lyds 
in 0.5% (v/v) SDS and further incubation for 20 min. the RNA was 
extracted with STE-seturated phenol followed by PCI and CI extrac- 
tions. RNA was precipitated by the addition of one tenth v d  of 2 M 
sodium acetate plus 2 vol 99.8% ethand at -20'C. collected by 
centrifugation (1 2.000 x g. 10 min) and finally dissolved in STE pior 
to preparative sucrose gradient centrifugation. RAV-O 70s RNA was 
collected by ethand pecipitation from a 5 ml 10-25% wcrose 
gradient (in STE plus 1% SDS) centrifuged for 1 hr at 300.000 x 9 
(+22"C). heat-denatured (45 sec. 85°C) and re-run as 35s wbunit 
RNA on a similar gradient centrifuged at 300.000 x Q for 2 hi. The 
35s peak fractions of RAV-O wbunit RNA from wch  gradients were 
pooled afler location by cwnting aliquots for %-radioactivity. r e p s  
cipitated with 99.8% ethand. 0.2 M sodium acetate and stored at 
-20°C. Subsequent ultraviolet spectral analysis (se9 above) waa 
used to determine the purity and estimate the yield of RAV-O 35s 
RNA; average yields were -10 pg of 35s RNA per liter of medium. 
70s RNA of tdPrC was prepared in a similar manner. 

Preparation of 'H-Uniqw Ssquence ChMion DNA 
Subconfluent chicken embryo tibroblast 'cuttures were labeled h 
medium 199 supplemented with 8% (v/w) calf serum and 1% c h i  
serum in the presence of 5 pCi/ml of methyl-'H-thymidine (W. 
act. 24 Ci/mmole) for a total of 3-5 days nt 37'C. Cells were 
harvested and lysed. and DNA was prepared. sonicated and alkaline- 
treated as described. The DNA was then annealed in glass capillarbs 
(Brand) at 68'C in TE buffer containing 0.6 M NaCl until a Cot value 
was reached sufficienl for al1 of the repetitive seQuences to h.ve 
reannealed (1 00 mole-sec/l). Hydroxyapatite chromatography war 
then used as previously described (Stehelin et al.. 1976) Io sevarate 
the unique sequence-specific single-stranded DNA from the doubb 
stranded repetitive DNA. The DNA was then pepared for liquM 
hybridization experiments as described above for cellular DNAô. 

Preparation of Virus-Spaclfk Complementafy DWAI 
Representative radioactive complementary DNAs (cDNAs) were ayn- 
thesized on a 35s (RAV-O) or 70s (tdPrC) RNA template with frag- 
rnented calf thymus DNA primer (Teylor. lllmensee and Summen. 
1976) using the exogenous AMV polymerase reaction essentially u 

described by Shank et al. (1978). Such i maction gave probes n 
.pecific activity 4 X 10' cpm/pg for k-cDNAs and 1 X 10' cpm/ 
pg for =P-cDNAs. The yield was betwwn 0.5 and 1 .O pg cDNA per 

pg of vlrus RNA. The =P-tdPrC. =P-RAV-O and 'H-RAV-O 35s 
specific cDNAs mus obtained were hirther purltied by PU and CI 
extraction. treated with alkaline and centrifuged on 5-20% (wh) 
sucrose gradients (in 0.3 N NaOH. 0.6 M NaCI. 10 mM EDTA) for 24 
hr at 110.000 x Q at 24°C. The cDNAs ranged in sire from 4-10s 
with a peak et 5s  (data not hown). A ùre  P d  of 6-8s (equivalent 
to 500-600 nucleotides) was utilized thrwghout the 6tudies de 
uribed. Thus both components used in the kinetic hybndization 
studies were of a 8bnllar Jre. 

Characterizaîion of the RAVO and 1dPrC cDNA Rok. 
Standard Cot analysis of both probes hybridized to 35s RAV-O or 
tdPrC RNAs. respectively. demonstrated over 85% cross-hybridua 
tion betwwn these ANAS in confirmation of peviws studies of 
Neiman et al. (1 977). The tdPrC cDNA was therefore uwd for hybid- 
izetion to the restriction enzyme fragments in addition to the =P. 
labeled RAV-O probe. 60th the k-RAV-O and =P-tdPrC CDNAS 
hybridized 80% to RAV-O 35s RNA with  CO^,,^ values of 2 x 10.' 
mole-sec/i (data not shown). SeH-annealing backgrwnd values of 
1 % for the =P-tdPrC cDNA and 4% for the 'H-RAV-O cDNA wwe 
wbtrected hom the exmrimcmtal values. 

Wolecular Hybridizath and Reauocbüon 
All DNA samples were fully denatured by boiling for 5 min prior to , 

annealing experiments All reactions (uniess othemise M>ecihed) 
were performed m 0.6 M NaCI. 0.02 M Tris-HCI (pH 7.4). O 01 M 
EDTA in g las  capillaries (Brand) 8t 68°C. The extent of annealing 
was enalyzed by SI  nuclease digestion (Leonp et al.. 1972) SI 
nuclease was prepared according to the method of Sutton (1970. 
Cot Cumes were performed at a final cellular DNA concentration of 
10 mg/ml. 

Dotermirution of ïhennal D.n.tur.tbri 
The different avian DNAs examined were anneal'ed in the pesence of 
the 'H-unique sequence chicken DNA (alkaline-treated and sonc 
cated. 6-8s. 2000 cpm per point) to Cots of 2 x 1 O' mdesecll at 
68°C at a final cellular DNA concentration of 10 mg/ml. Aner an- 
nealing for the requisite time. samples were diluted to a final concm 
tration 010.3 M NaCI; 20.000 cpm of =P-tdPrC cDNA were anneau 
to XC cell DNA added as an intemal control; and the $ample was 
divided into ten aliquots. each in a 100 @l sealed capillary (Brand) 
The capillaries were incubated m a water bath equilibrated to Ihc 
required temperature (using a Braun thermomir) for exactly 1 O min. 
and the percentage of probe DNA remaining annealed to the particulir 
cellular DNA nt each defined temperature was determined by SI 
nuclease digestion (Leong et al.. 1972). Aiter subtraction of 3'0 WH- 
nnnealing of the 'H-unique seQuence chicken DNA. 70% of the pOb@ 
remained annealed to chicken DNA at 76% This value was non& 
ked to 100%. and the factor required for mis normalization was vsed 
to correct the degree of annealing present at 76'C for the other DNAS 
examined. The internat control. e duplex of "P-tdPrC cDNA enne6W 
to XC cell DNA. was normalized to a value of 55% still annealed 
76'C (under these conditions of DNA excess and stringency Of 

hybridization) to facilitate data presentation. The T, values of m.6 

interna1 contrd were within *0.S0C. 

Hydroryapatite Chrmtogrophy 
Analysis of the degree of annealing of both the "P-tdPrC and 'M- 
RAV-O cDNAs to various avian DNAs (annealed to Cot values of 2 x 
10' mole-sec/l) at both 0.6 M NaCl and 1.5 M NaCl concentratiom 
was performed by hydroxyavatite column chromatography (BIOQJ 
HTP. BioRad Labs) at 60°C. Samples were loaded in 10 mM sodium 
phosphate (pH 6.8) (with 1 M NaCl in the case of reassociatlons 
performed in 1.5 M NaCI) Singlcstranded DNA was eluted with 0.1' 
M sodium phosphate bulier (pH 6.8) (plus 1 M NaCl as above. 
reassociations performed in 1.5 M NaCI) and double-stranded ONA 
with 0.40 M sodium phosphate @fi 6.8). 4 ml fractions were collectd 
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h each Case. Each fraction was precipitated by the addition of 0.2 ml 
d cal' thymus DNA (400 pg/ml) plus 8 ml 4x perchloric acid ai 4°C. 
Rec~pitates were conected on glass-fiber filters (GF/C Whatman). 
mshed extensively with 10% HCI. dried for 10 min at 6O'C and 
mnted tor 20 min in scintillation Huid in an htertechnique SL4000 
&tillalion counter. 

Ntr ict ion Endonuckase Digestion, Tranafer of DNA Fragmnt* 
Hybridiration and Autoradiography 
Eco RI (Boehringer) digestions were per tmed in 0.1 M Tris-HCl (pH 
7.5). 0.01 M MgCt,. 0.05 M NaCl for 6 hr al 37°C. Each reaction 
mixture contained 100 units of Eco RI per 10 pg of cellular DNA 
methor with 5 pg of phage A DNA in a final volume of 50 pl. The 
maction was terminated by the addition of 10 pl of a solution contain- 
iy) 5'. (w/v) SOS. 0.1 M EDTA. 60% FiioII. 0.1 % bromophenol blue. 
and incubation at SO°C for 10 min. Equ:valent amwnts of the re- 
micted DNA fragments from the avian DNAs were then fractionated 
by electrophoresis m 1% agarose (Seakern) horizontal slab gels 
containing 1 pg/ml ethidium bromide in l x  TEA buffer as dexribed 
chewhere. Restriction fragments of phage A DNA used as molecular 
WtiQh' rnarkers were visualued under ultraviolet transillumination 
(sec above). Optical density estimations using uttravidet transillumi- 
natior also showed that equivalent amounts of DNA transferred to the 
(iners from each electrophoresis hne. 

Alter soaking the gel for 1 hr in denaturation buffer (0.5 M NaOH. 
1.5 M NaCI) and 1-2 hr in neutralization buffer 10.5 M Tris-HCI (pH 
7.0). 3 0 M NaCI]. the DNA fragments were transferred from the 
ogaroce gel to nitrocellulose filter paper (Schleicher and Schwll. NC 
86 O 4 5  p BABS. Selectron) with a Stream of 6 x SSC (1 x SCC is 
O. t 5 hr NaCI. 0.01 5 M Na citrate) essentially as described by South- 
u n  (1975). The filters were then Bakdd for 2 hr al  8OoC iin vacuo). 
and preanneating and annealing with the =P-tdPrC cDNA were 
urried w t  essentially as describe4 by Shank et al. (1978). 
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The RNAs of seven replication-defective leukaemia virus 
( D L V )  strains contain three types of unique sequences, 
which correlate with the capacity of a given virus strain to 
transform erythroblasts, macrophage-like cells and 
myeloblasts, respectively. These sequences, termed erb, 
mac and myb, have their counterparts in the normal DNA 
of avian and mammalian species. Our results indicare that 
DL Vs represent recombinants between a common 'vector ' 
relared to a chicken endogenous virus and one of three types 
of cellular gene possibly involved in haematopoietic 
differentiation. 

ON the basis of their oncogenic properties. avian retroviruses 
are assigned to either of two major classes. Of many charac- 
terised natural field isolates, most (non-defective avian leu- 
kaemia viruses. or ALVs) are 'weakly oncogenic' and cause 
predominantly lymphatic leukaemia after a Gtency period of 
months to vears followine inoculation into susce~tible strains of 
chickens. The ALVs mis t  frequently occur as independent 

Specific sequence 
t 

DLV - 
helper - --- --- ------------- 

Viral RNAs Helper RNA Hybrids 

with[%H]dTiP 

- ----- 1- ..--- 
---i-- $ 

( 1 )  Hybridisation DLV specific 
( 2 )  Seiection for ss cDNA 

cDNA 
Fig. 1 Scheme for the preparation of DLV-specific cDNAs. 
Cloned AEV (RAV-2) and MC29 (RAV-2) pseudotypes, 
obtained by rescuing these viruses with RAV-2 from cloned non- 
producer fibroblasts, were propagated in chicken fibroblasts. Viral 
RNAs were extracted from the pelleted viruses, then transcribed 
into labelled cDNA using in vitro reverse transcription with 
purified AMV reverse transcriptase, 'H-~TTP and unlabelled 
dCTP, dGTP, dATP and calf thymus priming. In a negative 
selection step each cDNA mixture was hybridised to an excess of 
RNA extracted from RAV-2 grown separately. Single-stranded 
DLV-specific cDNAs were then isolated after fractionation on 
hydroxyapatite. AMV-specific cDNA was prepared in a similar 
way, but using RNA of AMV (helper) pseudotype obtained from 
the plasma of infected chickens, and a mixture of ALV helper 
RNAs extracted from RAV-1, RAV-2 and MAV-2 (O) viruses for 
the selection. Non-hybridisable radioactivity was eliminated from 
the cDNAs by a positive selection with homologous RNAS' (not 
shown). Specificactivitiesof the 'H-CDNAS were - 50 x 1 o6 c.p.m. 
p- pg. Details of these experiments will be described elsewhere. 

t To whom correspondence should be addressed. 

agents containing al1 ih: genetic information required for viral 
replication. In contrast, several avian retroviruses are highly 
oncogenic, causing disease after a latency period of days to 
weeks. These include the replication-competent avian sarcoma 
viruses (ASVs, or Rous sarcoma viruses) which readily induce 
sarcomas in susceptible birds and transform fibroblasts in rirro, 
and also the replication-defective leukaemia viruses (DLVst 
which require helper ALVs for propagation in cultured cells [for 
review, see ref. 1 ). 

The seven available independent isolates of DLVs have been 
assigned to threesubgroups based on the types of neoplasrn they 
induce and on the differentiation phenotypes of haematopoietic 
cells they transform in (1) The avian erythroblastosis- 
type viruses (AEV strains R and ES4 are probably identical') 
induce erythroblastosis in vivo and transform erythroblasts in 
airro. (2) The avian myelocytomatosis-type viruses (MC29, 
CMII, O K l 0  and MH2) transform macrophage-like cells in vitro 
and some strains induce myelocytomatosis in vioo. (3) The avian 
myeloblastosis-type viruses (AMV and E26) induce myeloblas- 
tosis in vivo and transform myeloblasts in citro. AEV can also 
induce sarcomas and transforms fibroblasts in çitro. and MC29- 
type viruses can induce carcinomas and occasional sarcomas and 
transform epithelial cells and fibroblasts in v i t ro1.* .  In this report 
we have investigated whether the oncogenicity of these viruses 
could be related to the presence of specific nucleotide sequences 
in their genome. Such a relationship would imply that part or al1 
of these specific sequences represent new viral oncogenes. 

DLVs are related to non-defective 
avian leukaemia viruses 
DLVs were originally isolated from chickens in association with 
their natural replication-competent helper viruses belonging to 
the ALV group. Attempts to complement DLVs with helpers 
unrelated to ALVs have failed4. A possible homology between 
certain genomic sequences of the DLVs and ALV genes'-7 was 
investigated by testing clones of avian cells containing the DLV 
provirus without its helper. Such cells, usually unable to produce 
virush, still contain several RNA transcripts of the DLV pro- 
virus. We tested whole RNA of such nonproducer cells, using 
molecular hybridisation with labelled probes representing a 
homogeneous transcript of an ALV, td Pr-B (cDNArepi, or of 
the src gene of ASVs (cDNAsarc)'. Table 1 indicates that al1 the 
DLV genomes tested contain ALV-related nucleotide 
sequences in different amounts (28-77%), but lack the src gene 
of ASV9."'. However, the detected homology to ALV cannot 
account for the entire genetic content of the DLVs, which al1 
contain 6,000-8,000 nucleotides in their 28-34s genome".i'. 
Thus. these viruses may contain sets of nucleotide sequences 
unrelated to ALVs. 

DLV-specific sequences 
We looked for specific sequences by analysing the prototype 
strain of each of the three DLV subgroups, namely AEV, MC29 
and AMV. Clone viral strains were obtained for AEV and 
MC29 by superinfection of nonproducer cells with the plaque- 
purified helper virus RAV-2. The rescued viruses were then 



Fil. 2 DLV-specific sequences have their couterparts in normal 
chicken DNA. Aliquots of 1 1-day chicken embryo DNA (200 fig 
per point. sheared to 4-6s) were hybridised with the different 
specific cDNAs (1.000 c.p.m. per point = 0.02 ngl in stringent 
conditions (0.6 M NaCI. 68 OC) at increasing Ctlr values. Hvbrids 
formed were tested for their resistance to SI endonuclease. O-.. 
cDNAaev; A-A, cDNAmc29. 0-0, cDNAamc: ---- 
cDNAsarc. Similar results were obtained with normal q ~ a i r  

embryo DNA (not showni. 

Phylogenetic distance ( x IO6 yr) 

Fig. 3 Stability of cellular DLV-related specific sequences during 
evolution. Aliquots of DNA extracted from different species hav- 
ing diverged increasingly long ago with speciation were hybridised 
in the specific conditions described in Fig. 2. The values obtained 
were standardised arbitrarily. for comparison purposes, to 50% for 
the chicken, which was also taken as the origin of the scale 
indicating phylogenetic distance. C O ,  cDNAaev; A-A. 
cDNAmc29; 0-0, cDNAamv: O- - -O, cDNAsarc. Also shown 
(A . -. -4) are resultsobtained with 'H-labelled chicken unique 
sequence D ~ ~ ' ~ ( 1 . 0 0 0  c.p.m. per point = 20 ng) in similar condi- 
tions (standardised to 100% for homologous reassociation) and 
with cDNAs representing genes known to be conserved 
throughout the evolution of vertebrates; x--x , cDNAlgo (ref. 

16) for globin; x - - - - x ,  cDNAova (ref. 16) for ovalbumin. 

tested for t k i r  oncogenic potential in citro (using the bone 
marrow transformation assay2) and propagated in chicken 
erythroblasts (for A E V )  o r  chicken fibroblasts (for MC29) .  
A M V  was obtained in high yields from the plasma of infected 
chickens. 

The  preparation of specific c D N A s  of these viruses (Fig. 1 )  
was similar to the selection of c D N A  specific for the src gene of 
ASVsH. cDNAs  of A E V ,  MC29 and  A M V  were selected so that 
they could still hybridise to  their R N A s  of origin, but not to the 
R N A  of the helper viruses used to  grow the viral stocks o r  any o f  
the other ALVs tested. These specific cDNAs were denoted 
cDNAaev for A E V ,  cDNAmc29 for MC29 (ref. 1 3 )  and 
cDNAamv for AMV. 

The  distribution of viral nucleotide sequences related to  these 
specific cDNAs  was explored by hybridising them at plateau C,t 
values to  several viral RNAs.  The  results (Table 2 )  allow several 
conclusions to  be drawn. First. the c D N A s  tested are specificfor 
the DLVs used for  their preparation. Second, they represent 
distinct sets of sequences, unrelated t o  each other by cross- 
hybridisation experiments, and third, cDNAmc29 shows exten- 
sive homology to  R N A  of CMII.  OK10 and MH2. as does 
cDNAamv to E26  R N A .  As will be  described elsewhere, the 
three cDNAs  exhibited exactly the same specificity when tested 
with cellular RNAs extracted from nonproducer cells, further 
demonstrating that the probes indeed detect sequences specific 
for the three types of DLV.  

T o  investigate the origin of the  DLV-specific sequences. 
D N A  extracted from normal avian cells was tested for its ability 

Table 1 DL\' yenomes in nonproducer cells are related to ALVs 

Annealing 
DLV Type of ('10 S I  resistance) with 
strain nonproducer cell cDNArep cDNAsarc 

AEV chicken fibroblast 2 8 Ç 3 
MC29 quail fihroblast 4 5 ci 3 
CM11 quail fibrohlast 4 1 1 3  
OKIO quail fibroblast 7 7 < 3  
MHz quail fibroblast 3 2 < 3 
AMV chicken mveloblast 50 < 3 
E26 chicken mveloblast 36 ci 3 

Total RNA was extracted from the ditierent avian nonproducer cells 
and hybridised in stringent conditions (25-fil aliquot containiny 1- 
10 mg ml-' RNA, 0.6 M NaCI, 68 "Ci with cDNAs (1,000 c.p.m. per 
point = 0.02 ngi to plateau C,r values (defined as 10x the 
cDNArep and cDNAsarc were prepared as described earlier'. but using 
calf thymus-primed polymerase reactions14. Hyhrids were assayed by SI  
nuclease. No correction for the expression of endogenous RAV-O or 
cellular sarc was made as they gave values below 3% in each case. 

t o  hybridise with cDNAaev,  cDNAmc29  and cDNAamv. Figure 
2 shows that al1 three types of sequences have their counterparts 
in normal cellular chicken D N A  and,  as  judged from the C, , I , ,~  
values, that they are present in the non-repetitive D N A  at one  o r  
two copies each per haploid genome. The  low plateau values 
observed in Fig. 2 a r e  due  to  the  competition of D N A  reas- 
sociation with the DNA-cDNA hybridisation reaction; tran- 
scription analyses (see below) show that most o r  al1 of the 
specific sequences are  present in normal chicken D N A .  Results 
obtained with molecular hybridisation in liquid phase in 
stringent conditions show that the  bulk of the non-repetitive 
chicken D N A  sequences have been lost relatively rapidly during 
evolution: labelled chicken unique sequence D N A  barely 
anneals (Fig. 3) to  the D N A  of species from another genus. For 
example, quail and chicken, which probably evolved from a 
common ancestor some 20-40 Myr ago, have DNAs  that share 
less than 25% homology when cross-hybridised (Fig. 3) .  
Similarly, ALV-related 'virogene'sequences have recently been 
shown to  be absent in some species of the Galliformesi4. In 
contrast, cellular sequences related t o  cDNAaev, cDNAmc29 



Table 2 DLVs contain unique nucleotide sequences 

Annealing (O/O SI resistance) with 
RNA derived from cDNAaev cDNAmc29 cDNAamv 

AEV 

AMV < 3 C 3 
E26 < 3 < 3 

ALV helpers (control) < 3 < 3 < 3 

Viral 50-70s RNAs were extracted and hybridised to plateau C,r 
values ( > 10 M s 1-'1 in stringent conditions (0.6 M NaCI, 68 "CJ with 
the specific cDNAs i 1,000 c.p.m. per point = 0.02 ng). The hybrids 
formed were tested for SI nuclease resistance. Results obtained were 
standardised to the values of the homologous reaction. Maximum 
hybridisation of cDNAaev with AEV RNA was 95'/0; that of 
cDNAmc29 with MC29 RNA 90% and that of cDNAamv with AMV 
RNA 95'10. The DLVs tested were cloned pseudotyprs with RAV-1 or 
RAV-2 helper ALV, with the exception of AMC' and E26. which were 
not cloned. The ALV helper RNAs tested as controls were obtained 
from RAV-1. RAV-2. RAV-49. RAV-50, MAV-2 (O) .  The numbers 
boxed indicate the important homologies. 

and cDNAamv have been highly conserved throughout the 
phylogeny of the higher vertebrates. As also shown in Fig. 3, 
their 'evolutionary half lives' are comparable to those of known 
stable genes such as globin or ovalbumin. The latter values 
resemble thoses obtained earlier for the transforming gene src of 
ASVsI5-l7 and agree with the results recently described for 
MC29 by Sheiness et a[.'*. 

As normal cells contained nucleotide sequences related to 
highly transforming viruses, we studied the rate of transcription 
of such seauences. Total RNA extracted from normal chicken 
(or quail) fibroblasts was hybridised to the different specific 

'cDNAs. Figure 4 shows that these sequences are al1 transcribed 
at a low level (a few copies per cell), as previously found for the 
expression of "cellular sarc" (refs 16, 191. Cellular sequences 
related to cDNAaev are transcribed at two or three copies per 
cell; cellular sequences related to cDNAmc29 are reproducibly 
expressed at a higher level (5-10 copies per cell), as Sheiness et 
al." found. In contrast, cellular sequences related to cDNAam\ 
are transcribed at lower levels in fibroblasts (one copy per cell). 
As can be seen in Fig. 4, al1 these cellular sequences reach 
plateau hybridisation values close to 100°/0, and must therefore 
be essentially fully represented in normal cellular nucleic acids. 

Three new oncogenes 
Our results show that al1 seven defective leukaemia viruses 
studied contain part or al1 of one out of three different sets of 
specific nucleotide sequences complementary to cDNAaev, 
cDNAmc29 or cDNAamv, which have their counterpart in 
normal cells of higher vertebrates. None of these sequences is 
related to the transforming gene src of ASVs. Although it is not 
understood how recombinants between ALV sequences and 
cellularly derived sequences can acquire oncogenic capacity, 
several indications favour the hypothesis that three specific 
transforming genes, termed erb, mac and myb, are detected by 
cDNAaev, cDNAmc29 and cDNAamv, respectively. (1 ) There 
is a strict correlation between the presence of erb, mac or myb 
sequences in a given virus and its selective capacity to generate 
transformed erythroblasts, macrophage-like cells or myelo- 
blasts'.2.20. (2) The properties of these sequences and their origin 
are reminiscent of results obtained earlier for the transforming 
gene src of ASVsI5: size, cellular origin and phylogenetic stabil- 
ity1".". (3) AS indicated by heteroduplex mapping studies with 

MC29 (ref. 21). these sequences do not appear as bits of 
sequences randomly distributed throughout the viral RNA, but 
rather as continuous stretches located inside the viral genome. 
(4)  Temperature-sensitive mutants have recently been isolated 
from AEV, indicating that a virus-coded protein must be 
synthesised to maintain the undifferentiated state of trans- 
formed erythroblastsX. (5) All DLVs tested contain the 5' 
region of the ALV genome (partial gag geneI2). In the strains 
studied so far (MC29 and MH2) this region was located adjacent 
to the DLV-specific ~ e q u e n c e ~ ' . ~ ' .  In addition, cells non- 

, 

productively transformed by AEV, MC29, CM11 and MH2 
express novel polyproteins of molecular weight 75,000 (ref. 3) .  
110,000 (refs 6. 7),  90,000 (ref. 7 )  and 100,000 (ref. 4), respec- 
tively, with the structure: partial gag-x or y, where .r or y 

reprisent polypeptide moieties -which are antigenically 
unrelated to known ALV proteins. and ~resumabiv corresnond 
to part or al1 of the specific crb or mai  nucleotide seque"ces. 
That these polyproteins could be involved in the transformation 
process is indicated by the finding that the type of tryptic peptide 
pattern exhibited by the non-gag portion of the polyprotein of a 
given DLV closely correlates with the transformation specificity 
of the virus (M. J.  Hayman, personal communication, and ref. 
24). In their general structure and ability to code for gag-related 
polyproteins, avian DLVs resemble replication-defective 
mammalian retroviruses capable of inducing leukaemias or 
sarcomas with a short period of latency, such as the Abelson" 
murine virus and feline sarcoma virusZh.". 

Avian DLVs behave like recombinants between an ALV- 
related vector virus of low oncogenicity and unknown originl'l 
and an evolutionarily stable set of nucleotide sequences of 
cellular origin. In this regard they also closely resemble AS\'s 
(for review, see ref. 1 1 i .  The mechanism of such a recombination 
remains to be elucidated, but could be related to the jumping 
polymerase hypothesis proposed recently by  offi in". How 
frequently such a recombination occurs is not known, although 
about 30 DLV-like and 1-3 ASV-like independent isolates have 
been reported'. However, a transduction of cellular sequences 
would not necessarily lead to such severe effects as the genera- 
tion of a highly oncogenicvirus and may therefore be much more 

Fie. 4 Transcription of the cellular DLV-related specific 
sequences in normal fibroblasts. Total RNA was extracted from 
normal chicken embryo fibroblasts and hybridised at increasing C,r 
values (varying RNA concentration up to 10 mg ml-') in stringent 
conditions (0.6 M NaCI, 68 OC), to the specific cDNAs 
(1,000 c.p.m. per point =0.02 ng). Hybrids were scored for their 

SI endonuclease resistance. Symbols are as in Fig. 2. 



frequent than anticipated. Indeed, we have recently found in an 
ASV stock a new virùs of uqknown oncogenicity containing 
apparently unknown cellular genetic material (N. Pluquet and 
D.S., unpublished). 

That only a partial homology was observed between the 
specific sequences of MC29 and MH2 as well as between the 
specific sequences of AMV and E26 (Table 2 )  can be explained 
in three ways-these viruses acquired cellular genes which 
already differed in their sequences; they acquired the same gene 
and the observed differences reflect a divergence introduced by 
passage of the virus; a second recombination event occurred in 
MH2 and E26. The finding that there are only one or two copies 
per haploid genome of these genes present in cellular DNA is 
consistent with the second possibility. The observation that 
there is a somewhat lower degree of homology of cDNAamv to 
cellular DNA than that of the other types of specific cDNA 
tested (Fig. 2)  might reflect the long passage history of AMV and 
would also agree with the second of the above interpretations. 
But hybridisation experiments between cDNAmc29 and MH2 
RNA carried out in non-stringent conditions do not show the 
significant increase of annealing which the second interpretation 
would predict (M.R., S.S. and D.S., unpublished) and thus leave 
that question unanswered. 

The role of DLVs in leukaemic transformation could be 
explained by a generalisation of the 'differentiation block' 
hypothesis22.24: the oncogenes of DLVs are homologous to 
normal cellular genes ('cellular erb, rnac or myb ' )  coding for 
lineage-specific haematopoietic differentiation proteins; the 
transforming proteins act by competitively inhibiting the cor- 
responding cellular proteinsz.i7, thus leading to a block of 
differentiation and subsequent leukaemogenesis. This hypo- 
thesis would predict that RNA sequences corresponding to the 
cellular erb, rnac and myb genes are preferentially expressed in 
normal erythroblasts, macrophages and myeloblasts, respec- 
tively. Spontaneous leukaemogenesis may then simply result 
from a malfunction of such genes. Indeed. several different 
genes may be able to induce the same type of leukaemia. In this 
respect, it would be interesting to know whether there are 
viruses causing the same type of leukaemia but containing 
different cell-related oncogenes. Such viruses would also be 
useful for elucidating why the DLVs also induce sarcomas or 

carcinomas, an additional specificity for non-haematopoietic 
tissues difficult to explain by the differentiation block theory. 
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Three New Types of Viral Oncogenes in 
Defective Avian Leukemia Viruses. 

1. Specific Nucleotide Sequences of Cellular 
Origin Correlate with Specific Transformation 

1- N& & ia Sonli u & ia Rgchark MéûicoL (INSERM). OncdgV Mdkriloirc. I m î h t  iùdeur & Lille. 
F 590û) Lü&, F ~ J I U  

On the basis of theu oncogenic propcrtks, avian 
etroviruses can be assigned to either of two major 
lasses. Of many characterized naniral field aolates, 
he vast majority (nondefective avian leukemia vinises 
ALVs]) arc weakly oncogenic and cause 
~ndominantly lymphatic leukemia after a prolongcd 
atency pcriod of months to years following in- 
milation of susceptible sVains of chickens. ALVs 
nost frequently occur as independent agents and wn- 
ain al1 the g e ~ t i c  information rcquired for viral 
eplication. In oontrast, =veral other avian rem 
imses arc highly oncogenic and produœ disease d e r  
i short latency p e n d  of days to weeks. niese highly 
~ncogenic vinrses include the replicationimnpetent 
ivian sarcoma vinises (ASVs) (or Rous vVirses), which 
eadily induce rarcomas in susceptible birds 8nd 
ransform fibroblasts in vitro, and the replication- 
kfwtive leukemia vinûts (DLVs), which require 
ielpcr ALVs for their propagation in culhrnd œlls 
for review. sec Graf and Beug 1478). 
n i e  seven available independent isolates of DLVs 

lave baen reantly assigned to three subgmup (Tabie 
.) bascd on the types of neoplasms they induoe and on 
he differentiation phenotypcs of hcmatopoietic œüs 
ransformed in vitro by these vKuses (Beug et al. 1979). 
niese subgroups are: (1) Avian erythmblastosis virus 
AEV) (strains R and ES4 have been shown to be p b  
ibly identical [Hayman et ai. 1979bl) induoes erytb- 
oblastosis in vivo and transforms erythroblasts in vitro. 
2) Avian myelocytomatosis-type v i m s  (MC29, CMU, 
3K10, and MW) transform macrophagelike œlls in 
ritro and somc strains induce myelocytomatosis in vivo. 
3) Avian rnyeloblastosis-type vinises (AMV and E26) 
nduce myeloblastosis in vivo and transfonn myeloblasts 
n vitro. 
in addition, AEV is capable of inducing sarcomas 

ind transfonning fibroblasts in vim;  MC29-type 
tiruses are capable of induang carcinomas and 
mxsionally earcomas and of transfonning epithelial 
xlls and fibroblasts in vitro (Graf and Beug 1978; Beug 
:t al. 1979). although AEV and MC29 have been shown 

to hck the rir gent O! ASVs (Stkhelin and Graf 1978). In 
most cases. these Mnises induce the same type of 
aeoplasm as in the chicken of origin and thus are not 
iikely to represent labofatory artifacts. 

Tbe a h  of our work was to detennine ü the onco- 
gcnicity d these viruscs m l d  be ttlated to the 
prcsencc of @fit nucleotide sequences in their 
gcnome. Such a rclationship would then imply that 
part or d l  of these spccüic sequences represent new 
viral oncogencs. 

DLVs Are Rehted to Noadefective ALVs 

DLVs were originally isolated from chickens in 
association with their natural replicationcompetent 
helper viruscs belonging to the ALV group. Attempts 
to amplement DLVs with hclper Wuses unrclated to 
ALVs have failed thus far (Hu et al. 1978) and indicate 
a possible bomology between ana in  genomic 
requenœs of the DLVs and ALV genes (Bister et al. 
1927; Hu and Vogt 1479; Hayman et al. 1979b). Such a 
bomology was verified by testing avian all dones 
Srirccted by p~eudotypes of the DLVs. thus containing in 
theu DNAs a given DLV provirus, but no ALV helper 
provirus (AEV, Graf et al. 1976; MC29. Bister et al. 
1927; cMn, Graf et al. 1977; MH2. S. bule. unpubl.; 
OKlO and E26. Graf et al. 1979b; AMV, T. Graf. 
onpubl.). niese alls. usually unable to produœ vinis 
(nonproduai or NP œlls), still contain numerous RNA 
banscripts of the DLV provirus. Whole RNA of these 
NP œlls was analyzed, using rnolecular hybridization 
with labeled probes representing homogeneous tran- 
scripts of an ALV ( c D N b ) .  of parts of an ALV 
genome (CDNA,,.~; cDNL*). or of the SK gene of 
ASVs (cDNA,.,) v a l  et al. 1977; Frisby et al. 1979). 
Table 2 indicates that al1 the DLV genomes tested 
contain ALV-related nucleotide sequences in variable 
amounts, but lack the src gene of ASY. However, the 
detected homology to ALVs cannot acoount for the 
entùe genetic content of the DLVs. which al1 contain 
about 6WWUKl nucleotides in their genomic RNA5 



T a  1. Dcfeain Avian Leukemia \ r i  

V i  b ~ d ~  Typdnaopliniin Rcdominant typer d 
type VûinunW d- +ken d origin -induCcd. 

AEV W Denmark, 1933 sarcoma and myelocyto- nythroblastmk; auaimrs 
mtosis 

R Demark, 1931 erythroblastosis rrythroblasiosis; rummrs 
MC29MCZ9 Bulgaria. 1964 . rnyclocytomatosis myelocytomatasis; üver 

d k i d n e y c v c i n a w  
CMII Fcderal RepuMic 

of Germany, 1964 myeiocylarmtosis myelocytomatosi~ 
MH2 England. l9D endothelioma (?) üver and kidney an5mm~~; 

sarcomas; monocytic kukemia (?) 
OKlO Finland. 1975 endothelioma (?) endothelioma (?) 

AMV AMV BAVA United States. 1941 neurolymphomatosk rnyeloblastosis 
a Bulgatia. 1962 kukemia erythroblastosis 

Modified l m  Chmi Md &ug (1978). 
Wther ntoplums ruch a lympiutic kulrcmia. orteopetmir. ud m p h d h ~ o m r  .rr anined fran ~ lin. dwy .rr 

athibuted IO helper vinucr p m n t  in stocks d DLVs. 

(sec below). nius, these viruscs must contain nucleotide of the helper vinises used to grow the Wus stocks 
sequences unrelated to ALVs. or of any of the other ALVs tested. These specific 

cDNAs were denoted cDN& for AEV, cDNA- 

DLVs Contiin Nucleotide Sequeuces Nd for MC29 (Sheiness et al. 1978). and cDNA.,,,, for 

R e w  to U V 8  AMV. 
The distribution of Wal nucleotide sequences 

The search for specific sequences was conducted by 
analyzing the prototype strain of each of the three 
DLV subgroups. namely, AEV, UC29, and AMV. 
Cioned viral strains were obtained for AEV and MC29 
by superinfection of nonproducer a l l s  with the 
plaque-purified helper-virus RAV-2. The mcued 
viruses were then tested for their oncogenic potential 
in vitro using the bone marrow transformation assay 
(Graf et al. 1979a) and then propagated in chicken 
erythroblasts (for AEV) or chicken fibroblasts (for 
MC29). AMV was obtained in high yields from the 
plasma of infected chickens. 

The strategy used to prcpare specific cDNAs of 
these vimses was sirnilar to that previously used to 
select cDNA specific for the src gene of ASVs (Stth- 
tlin et al. 1976a) and is outlined in Figure 1. Brkfly, 
:DNAs of AEV, MC29, and AMV were selected so 
hat they were still capable of hybridizing to their 
RNAs of origin, but muld not hybndize to the RNAs 

related to these specific cDNAs was explored by 
hybridizing them at plateau C,r values to several viral 
RNA. n i e  results shown in Table 3 allowed us to 
draw several conclusions: (1) n i e  cDNAs tested are 
specific for the DLVs used for their preparation. (2) 
niey represent distinct sets of sequences, umelated to 
each other by cross-hybridiition experiments. (3) 
cDN& shows extensive homology to CMII, OK10, 
and MH2 RNA, as does cDNA.,,," to E26 RNA. As will 
bc described elsewhere. the three cDNAs exhibited 
exactly the same specificity when tested with cellular 
RNAs extractcd from NP œlls. further demonstrating 
that the probes indeed detea scquenas specific for the 
three types of DLVs. 

The complexities of the specific cDNAs were shown 
to be 3700 nucleotides for cDNA, and 2100 nucleo- 
tides for c D N L  (S. Saule et al., in prep.); cDNkr29 
was shown to comprise 1800 nucloetides (Sheiness et 
ai. 1978). 

Tabk 2 DLV Genomes in NP Cells Arc Related to ALVs 

Annul~ng (X nudeiw31 remsune) with 
DLV 
miUi TypdNPce!i & N A ,  &NA,+ & N A ,  cDN& 

AEV chicken fibroblast 28 15 16 <3 
MC29 quail fibroblast 45 30 66 (3 
CMiI quail iibroblast 41 24 79 <3 
OKlO quail fibroblast n 87 45 C3 
MH2 quail fibrobiast 32 25 10 (3 

AMV chicken rnyeloblast 50 59 < 3  C3 
E26 chicken myeloblast 36 13 60 <3 

, Total R N A  vu crtnded from the diiïerent avian W celis and hybridiad under suingent 
d i t i o n s  (25-fil alqua4 a ~ u i n i n g  1-IOmg/ml of RNA, 0 . 6 ~  N a a  a< WC) e t h  9 N h  
(1000cpmlpoint -0.02ng) to plateau C,.f values (defincd u 10 times the C,J,~)  cDNAs vm 
preparcd as derrribed earlicr. but iuing alf-thymus-pnmed polymerirc rercrioru (Whcün et .I. 
1%; Tal ct al. l m ) .  Hybridr were assaycd by nucleasc SI. No correction for the exprroion d 
endoge- RAV4 or ccllular mir w u  ma& sina thcy gave values belm, 3% in uch crrr. 
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1. Scheme for the prcparation of DLV-specinc cDNAs. Cloned AEV (RAV-2) and MCL9 (RAV-2) pseudorypes, obtained 
by d g  these v h s  with RAV-2 £rom doned NP fibroblasts, werc propagated in chicken erythroblasts (Line 6CZ) and 
nbroblasts, respcuively. Viral RNAs were extraded from the pelletcd vVuses and then transcritid into labeled cDNA using in vitro 
reverse transcription with pMfied AMV reverse banscriptasc, ['HldITP and unlabelcd d m ,  dGTP, and dATP. and 
d-thymus-priming. Io a negative rleaion step. eacb &NA mixture was hybridized to an ex- of RNA extracted from RAV-2 
pown rparately. Single-stranded DLV-rpecific &NAs werc then isolated after fractionation on hydroxyapatite. AMVapecihc 
cDNA vas prepared in a similar way, but using RNA of AMV (helper) pseudotype obtained from the plasma of infeaed chickens 
uid a mixture of ALV helper-vim RNAs extractcd from RAV-1, RAV-2, and MAV-2 (0) vinises for the sclection. Specific activities 
of the ~H)CDNAS were about 50 x 10b cpmlwg. Details of these expcriments will be described elsewhere. 

Si of the Ccnomic RNAs of DLVs 

Among the DLVs, the genomic sizes of only MC29 
and MH2 were determined recently by heteroduplex 
analysis to be about 5700 nucleotides long (Hu et al. 
1979). 

We w d  a difirent approach to study the s k s  of 
the remaining DLVs. Medium was harvested (4hr 
barvests) from cells infeded with cloned pseudotypes of 
each DLV. n i e  viral RNAs were extraded and 
~ p a r a t e d  by vertical agarose gel electrophoresis with 
rRNA markers of Escherichi0 coli (16s and 23s). quail 

(18s and Z'S), or CV-1 a l l s  (18s and 28s). RNA blots 
were performed according to the method of Aiwine et al. 
(1977) and hybridized to [32P]cDNk, and. when ap- 
propriate, to [32P)cDNA specific for AEV. MC29. or 
AMV. The results of these experiments, shown in Figure 
2. led to the following conclusions: (1) Ail strains tested 
contain helper 34s RNA5 detected by [12P]~DN&, and 
(2) specific bands corresponding to the DLV genomes 
are revealed by the specific cDNAs (-31s); the 
presence of additional minor bands seen occasionally 
has not been explained thus far. A notable exception is 
OKlO RNA which shows a much larger genome about 

Ta& 3. DLVs Contain Unique Nuclwtidc Saqutnœs 

A d i n g  (9: nuduu-SI mis-) with 
RNA dcrivcd 

aoai cDN& d lN& &NA, 

AEV 
Mc29 
CMII 
OKlO 
MHz 
AMV 
E26 
ALV belper vùuus 

i c o n d )  

V i l  S i O S  RNAs were extracteci and hybridized to pliteau C,f vduer 
(over 10 u.uciliter) under stringent wndiiions (0.6 M NaCi at 68°C) with <he 
spcciîk c D N k  (1000 cpmlpoint = 0.02 ng) The hybrids fonned werc w t c d  
for nuclearc-SI mistance. Rcsults obtained vert standardized to the d u c s  
d the homologoui rcaction. Maximum hybridization of cDNA, with M V  
RNA wrr 9%. cDN& with MC29 RNA PO%. and c D N A ,  with AMV 
RNA 95%. The DLVs terted werc doned pudotypes with RAV-I a 
RAV-2 helper ALV. with the exception d AMV and E26 which w m  not 
doned. The ALV helper-vims RNAs tested as wntrolr werc obiiinul from 
RAV-1. RAV-2 RAV49. RAV-B. and MAV-2 (O). 



V(Frr 2 Saa d the DLV genomes. DLV (helper) RNAs 
mc exbacted bmn 4-hr-harvested supernatants, frac- 
tioiilted by eiedmphortsis on vertical agarose gels, and then 
W e d  d n g  to the rnethod of Alwine et al. ( lm) .  The 
Mok wcrc bybrKlized to 9-Iabeled cDNA,  (kft) or specific 
dlN11, t D N k  c D N A ,  (righi). The slot marked " N P  
oontaincd RNA d OKlO harvested from "nonproducer" 
aüs witbout belper virus. Autoradiography was performed 
for 1-10 days a dcscnbed by Frisby et al. (1W9). ln general. 
tbc mtio d DLV to belper RNAs was $1. with the exception 
dCMiiwhcrritwrsobwt4tol. 

34s. in agreement with the high annealing seen for this 
virus with ALVcDNAs in Table 2. With such a genome, 
OKlO is obviously less defective than the other DLVs 
and is likely to be produced in the medium of NP cells 
containhg only the OKlO provixus. This was indeed the 
case. as shown in Figure 2 where the slot marked " N P  
contains RNA5 extracted from the medium of "non- 
produar" alls. Although OKlO seems to have most of 
the pol sequenœs. no active polymerase could be 
demomtratcd (M. B. &es and D. Stthelin. unpubl.), 
which agrees with the fact that this virus is not infedious 
(C. Lagrou et ai., in prep.). 

Cemetic Content of tbc DLVi 

From Our rcsults, a provisional map was drawn (Fig. 3) 
of the genetic content of the DLVs studied (the size of 
MH2 was taken from previously described observations 
of Duesberg et al. 1978). Several remarks can be made. 
(1) All the genomes contain at kast 6W) nucleotides in 
the gag gene; this could correspond to the N-terminal 
part (p19) of the gag gene found to be pment  in the 
gag-gene-related proteins of DLVs. It may also be 
essential for the growth of these vinises or may contain 
an initiation site for the iranslation of a gag-x polypro- 
tein (sec Discussion). (2) The order of the different sets 
of nucleotide sequenas is not known and has been 
chosen aaording to the known order of ALV structural 
genes and the putative location of sequenas responsible 
for the gag-gene related proteins. There is good 
agreement between the size of these polyproteins and 
Our nucleotide sequenœ data. No non-gag-gene-related 
polyproteins corresponding to comprismg eno se- 
quenas  in these viruses have been detected. (3) There 
is no requirement for the presena in these viruses of 
nucleotide sequenœs related to the rnv gene of ALVs, 
sinœ some lack most or al1 of such sequences (sce Table 
2). (4) MH2 and E26 contain nucleotide scquenas 
unaccounted for by Our hybridization studies. (5) 
Hybndization studies periormed with CDNA,.~ and 
with C D N A , , . ~ ~  (S. Saule et al., unpubl.) suggest that 
DLVs wntain at least part of the Cregion deteded in al1 
avian viruses studied thus far. 

DLV-specific Sequenccs Reprrsent Tnnaduced 
N o r d  Gllulir Cenes 

To investigate the ongin of DLV-specitic sequences, 
DNA extracted from normal avian cells was testeci for 
its ability to hybndize with c D N L .  cDN&, and 

AEV II A E V  
(a-) p76 7 

1100 a100 l e m  ~ ( 0 0  

, '7 E P O L  11 kC, r ., - . f (3 p 2 1 0 B L ,  R CI> 
l i s 0  2"' n o  

( e q  h ~ a  i1  r , s  ;:~cZZ==,-JBCIJ 
pl00 

FIgmr 3. Genetk m a p  of the DLV RNAs (sec tex~). Standard deviation for the anmaling values was 25% (for the polypmtei~r 
~ l a t e d  to OKlO ud E26 Mnws. see Graf et al. [this volume]). 
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Cot ( M r r e c  XI") 

Flyir 1. DLV-specific wuences  have their munterparts in 
nonnal chicken DNA. Aliquots of Il-day-old chicken 
embryo DNAs (2001g/point. sheared to 4 W S )  were hybrid- 
ized with the different specific cDNAs (1000cpmlpoint = 
0.02ng) under stringent conditions ( 0 . 6 ~  NaCl at WC)  at 
inmasing Cd values. Hybnds formed were tested for their 
mis tanœ to endonuciea~ SI. (e) c D N L ;  (A) cDN&; 
(O) cDN&; (-) cDNA,. Similar mul t s  were 
obtained with normal quail embryo DNA. 

cDNA.,,,,. Figure 4 shows that al1 three types of 
sequences have their wunterparts in normal cellular 
chicken DNA and. as judged from the Coril2 values, 
that they are present in the nonrepetitive DNA at one 
to two wpies each per haploid genome. The low 
plateau values observed in Figure 4 are due to the 
cornpetition of DNA reassociation with the DNA- 
cDNA hybridization naaion;  transcription analyses 
(sec below) show that most or  al1 of the specific 
wuences  are present in normal chicken DNA. 
Results obtained with molecular hybridization in 
liquid phase under stringent conditions show (Fig. 5) 
that the bulk of the nonrepetitive chicken DNA 
sequences are rapidly lost during evolution (-75% of 
the nuclease-S1-resistant hybrids formed are lost in the 
30 million years of evolution from chicken to quail). 
Sirnilarly, ALV-related virogene sequences, which 
have recently been shown to be absent in some species 
of the Gallus (Frisby et al. 1979), are also phylo- 
genetically unstable. In contrast. cellular sequences 
related to cDNL. ,  c D N k ,  and cDNA.,,,, are 
highly wnserved throughout the phylogeny of higher 
vertebrates. As also shown in Figure 5. their evolu- 
tionary half-lives are comparable to that of known 
stable genes such as globin or ovalbumin. The latter 
values resemble those obtained earlier for the trans- 
forming src gene of ASVs (StChelin et al. 1976b. 

F ï p ~  5. Stabilitj of cellular DLV-rclated specific sequenus 
during evolution. Aliquots of DNA exbadcd from different 
species that diverged inmasingly long igo with rrpeciation 
were hybridized under the spccific conditions rr describcd in 
Fig. 2. For cornpanson. the values obtained were s t anda rd id  
arbitrarily to 50% for the chicken; this was iIro <Plien RS the 
origin of the scale indicating phylogenetic àistanœ. (e) 
c D N L ;  (A) c D N k :  (O) cDNAi.; (-) c D N L ;  
(A) results obtained with the ['Hl-labelcd chicken DNA uni- 
que sequence (Frisby et al. 1979) (1000cpmlpoint = B n g )  in 
similar conditions (standardized to lOü% for b o m o l o g o ~ ~ ~  
reassociation) and with cDNAs representing gens tnoam to 
be w n x w e d  throughout the evolution d vcrtebrita. (x- 
x) cDNAd, for globin; (x-x) cDNA, for ovrlbumin 
(Stthelin et al. 198). 

1978; Spedor et al. 1978a) and agree 6 t h  the result re- 
ant ly  described for MC29 by Sheiness and Bishop 
(1979). 

Cellular DLV-related Spccihc Ssqucnca 
Arc Tnnscribed at Low I rvels  in N o 4  CelL 

Since normal a l l s  wntain nucleotide scquences 
related to highly transforming vinises. it was of inter- 
est to study the rate of transcription of such sequenœs. 
Total RNA extracted from normal chicken (or quail) 
fibroblasts was hybridized to the different @tic 
cDNAs. Figure 6 shows that these sequences arc al1 
transcribed at a low level (a few copies per œll). 
Again. similarity with the previously described cellular 
sarc expression is found (Stehelin et al. 1978; Spedor et 
al. 1978b), with cellular sequences rclated to c D N L  
transcribed at two to three copies per a l l ;  allular 
sequenccs related to cDN& are reproducibly 
exprcssed at a higher level (five to ten wpieslall). as 
also found by Sheiness and Bishop (1979). In contrast, 
allular sequences related to c D N b  arc slightly kss 
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transcribed in fibroblasts (one copylall). As shown in 
Figure 6. al1 these cellular sequenas reached plateau 
hybridization values close to 100% and therefore must 
be essentially fully represented in normal cellular 
nudeic acids (see also Roussel et al. 1979). 

DISCUSSION 

Thm New Types of Viral Oncogenes Specific 
for Lrukemic Troasformatioa 

Our rcsults have shown that al1 seven defective 
leukemia viruses studied contain part or al1 of one of 
three different sets of specific nucleotide sequences 
complementary to c D N b .  c D N k ,  or cDNL, .  
These specific sequenœs have their counterparts in 
normal cells of higher vertebrates, where their diver- 
gena correlates with the phylogeny of speciation. None 
of these sequenas are related to the transforming SK 

gene of ASXs. Although it is not yet understood how 
recombinants between ALV sequenas and cellderived 
sequences can aquire oncogenic capacity. several in- 
dications favor the hypothesis that three specific trans- 
forming genes, which we have termed erb. mac, and myb, 
in agreement with Graf et al. (this volume), are detected 
by cDN&,, c D N h .  and cDNL, ,  respectively. (1) 

Crt ( M n r e c  r 1" 
Rgwe 6. Transcription of the allular DLV-rclatcd specinc 
iequences in nonnal fibroblasts. Total RNA was extractcd 
'rom normal chicken embryo fibroblasts and hybridizcd at 
incrcasing Cri values (varying RNA concentration up 
~olOrng,/ml) undcr stnngent conditions (0 .6~  NaCi ai 68°C) 
O the specific cDNAs (1000 cpmlpoint = 0.02 ng). Hybrids 
vere mred for their endonuclease S1 resistana. (a) 
:DN&; (A) cDN%p; (O) c D N L ;  (-) cDNA,. 

There U a stria correlation between ? h ~  prescna of crb, 
mac, or myb sequences in a given virus and its seiective 
capacity to generate transformed erythroblasts, macro- 
phagelike alls, or myeloblasts (Graf et al.. this volume; 
Gaeolo et al. 1979; Beug et al. 1979). (2)The properties 
of these sequenas and their ongin arc reminisant of 
results obtained earlier for the transfonning src gene of 
ASVs, i.e. size. allular origin, and phylogenetical 
stability (Stthelin et al. 1978; Spcctor et al. 1978a.b). (3) 
As indicated by heteroduplex mapping studies with 
MC29 (Hu et al. 1979), these sequenœs do not appear as 
bits of sequenas randomly distributed throughout the 
viral RNA, but rather as continuous stretches located 
inside the viral genome. (4) Temperature-sensitive 
mutants have recentlv k e n  isolated from AEV. indicat- 
ing that a virusooded protein must be synthesized to 
maintain the undifferentiated state of transformed 
erythroblasts (Graf et al. 1978). (5) Ail DLVs tested 
contain the 5' region of the ALV genome (partial gag 
gene). 

in the strains studied so far (MC29 and MH2), this 
region was located adjaant to the DLV-specific 
sequena (Mellon et al. 1978; Hu et al. 1979). In 
addition, a l ls  nonprodudively transformed by AEV. 
MC29. CMII, and MH2 express novel polyproteins with 
molecular weights of 75,000- (Hayman et al. 1979). 
110,000 (Bister et al. 1977; Hayman et al. 1979a). 90,000 
(Hayman et al. 1979a). and 100,000 (Hu et al. 1978). 
respectively, with the structure: partial gag-x or gag-y, 
where x or y represents polypeptide moieties that are 
antigenically unrelated to known ALV proteins and 
presumably correspond to part or al1 of the specific erb 
or mac nucleotide sequences. That these polyproteins 
could be involved in the transformation process is 
indicated by the finding that the type of tryptic peptide 
pattern exhibited by the non-gag-gene portion of the 
polyprotein of a given DLV closely correlates with the 
transformation specificity of the virus (Graf et al., this 
volume; M. J. Hayman. pers. comm.) In their general 
structure and in their ability to code for gag-gene- 
related polyproteins, avian DLVs resemble replication- 
defective mammalian retroWuses capable of inducing 
leukemias or sarcomas with a short latency period, such 
as the Abelson (Witte et al. 1978) murine leukemia virus 
and feline sarcoma virus (Stephenson et al. 1977; Sherr 
et al. 1978). 

Avian DLVs behave like recombinants (Fig. 3) be- 
tween an ALV-related vector vins of low oncogeni- 
city and unknown origin (Frisby et al. 1979) and an 
evolutionary stable set of nucleotide sequences of 
cellular origin; in this regard they also closely resem- 
ble ASVs (for review. see Bishop 1978). The 
mechanisrn of such a recombination remains unclear. 
but it could be related to the jumping polyrnerase 
hypothesis proposed reœntly by Cofin (1979). How 
frequently such a recornbination occurs is not known. 
Since the beginning of this century. about 30 DLV-like 
and one to three ASV-like independent isolates have 
been reported (Graf and Beug 1978). Recent studies 
by Hanafusa and coworkers (1977) have shown that 
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cellular SQK requences can be rexued at high 
frequencies by infection of chicks with mutants of 
ASV partially &leted in the srr gene. However, a 
transduction of cellular sequences may not neccssarily 
k a d  to such drarnatic effects as the generation of a 
highly oncogenic vins and therefore may be much 
more frequent than anticipated. In fact, we have 
recently found iii one ASV stock a new virus containing 
apparently unknown cellular genetic material (N. 
Pluquet and D. Stthelin, unpubl.). 

That only a partial homology was observed between 
the specific sequences of MC29 and MH2, as well as 
the specific sequences of AMV and E26 flable 3). 
can be cxplained in three ways: (1) These *ses 
rquired cellular genes that already differed in their 
Kquence. or (2) they acquired the same gene and the 
observed difierences reflect a divergence introduced 
by passage of the virus. or (3) a second recombination 
event happened in MH2 and E26. The finding that 
there are only one to two copies per haploid genome 
of these genes present in cellular DNA is consistent 
with the second possibility. The observation that there 
is a somewhat lower degree of homology of cDN&, 
to cellular DNA than for other types of specific 
cDNAs tested (Fig. 4) might reflect the long passage 
history of AMV and also would be in agreement with 
the second of the above interpretations. However, 
hybridization experiments performed between 
cDN& and MH2 RNA in nonstringent conditions 
d o  not show a significant increase of annealing as the 
second interpretation would predict (M. Roussel et al., 
unpubl.) and thus leave that question open. 

Possible Role in Irukemic Transformation 
of the Trnnsforming Gcnes of DLVs 

and Their Celluiar Couriterparts 

Recent studies with a temperature-sensitive mutant 
of AEV indicate that a viral gene product required for 
maintenance of transformation causes a block of 
differentiation in its hematopoietic target cells (Graf et 
al. 1978). This observation. together with the findings 
that DLVs can infect and are expressed in nontarget 
hematopoietic cells (Graf et al. 1979a and this volume) 
and that phylogenetically stable cellular sequences 
exist that are related to the oncogenes of DLVs. leads 
to  the following hypothesis: The transforming genes of 
DLVs are homologous to normal cellular genes coding 
for lineage-specific hematopoietic differentiation pro- 
teins; the transforming proteins a d  by competitively 
inhibiting the corresponding cellular proteins (Graf 
and Beug 1978). thus leading to a block of differentiation 
and subsequent leukemogenesis. This hypothesis also 
provides an explanation for the targetcell specificity of 
DLVs and predicts that RNA sequences homologous to 
erb. mac, and myb are preferentially expressed in 
normal erythroblasts, macrophages. and myeloblasts, 
respectively. We are currently trying to purify hemato- 
poeitic target =Ils for DLVs in order to test this 
prediction. In this regard, it would also be interesting to 

determine whether or not erythroblastosis occasionaiiy 
induœd after injectiûn of chicken embryos with ALVs 
(Fredrickson et al. 1965) expresses i n c r e d  amounts of 
cr6 RNA. 

Another assumption of the hypothesis is that the 
oncogenes of DLVs represent modifiai versions of 
their cellular counterparts. is also proposed in general 
terms in Temin's protovinis hypothesis uemin 1971). 
Such a modification may have occurred by a fusion of 
the cellular onwgenes with an endogenous ALV or by 
an aberrant splicing of the tranduced sequences, thus 
leading to onwgenicity. Preliminary experiments in- 
dicate that the cellular eh,  mm. and myb genes occur 
in p iece~ and therefore are likely to be subject to 
splicing mechanisms (S. Saule et al.. unpubl.). 

The capacity of AEV-type Wuses to induce sar- 
comas and of M a - t y p e  vinses to induce carcinomas 
suggests an additional specificity of crb and mac genes 
for nonhematopoietic tissues. This intnguing 
specificity is difficult to explain by the differentiation 
block hypothesis, although it is interesting to note that 
normal fibroblasts, which can be transformed by AEV, 
MC29, and ASV but not by AMV. express higher 
levels of cellular erb. m u ,  and SUK sequences than of 
cellular myb sequences (see Fig. 6). l t  is still unknown 
whether or not DLVs d e  for only one gene respon- 
sible for transformation that could exert a pleiotropic 
effect on different types of target cells, as suggested by 
the experiments of Calothy et ai. (1478) with ASV. 

The complexity of the DLV-specific probes is be- 
tween 1800 and 3700 nuclwtides, depending on the 
viral strain, thus allowing in some cases for enough 
space to d e  for more than one gene. Ln fact, a 
mutant of AEV has now been isolated that has lost its 
capacity to transfom erythroblasts but is still trans- 
forming fibroblasts (Graf et al. 1979a; Royer-Pokora et 
al. 1979). On the other hand, results obtained with the 
fi34 mutant of AEV (Graf et ai. 1978) suggest that a 
single mutation affects the transforming capacity of the 
virus for both erythroblasts and fibroblasts (Graf et al. 
1979a). Clearly, more work is needed along these lines to 
resolve these observations. 

If indeed DLV-induced leukemogenesis is the m u l t  
of a competitive inhibition of a cellular differentiation 
protein by the viral transforming protein. spontanwus 
leukemogenesis may simply result from a malfunction 
of the latter. Our newly developed probes should be 
useful for determining whether or  not cells from 
spontaneous leukemias express differentiation-specific 
sequences related to avian DLVs. 
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ABSTRACT 

The RNA genomes of two replication-defective avian myeloblaçtosis 

virus (AMV and E26) were analyzed by liquid and solid phase hybridiza- 

tion techniques perzormed with radiolabeled DNA transcripts represen- 

ting different portions of the retro viral genomes. Both viral  AS 

contain segments of helper virus genomes linkeS to AMV-specific 

sequences unshared by the helper viruses. These specific sequences 

have previously been shown to be of cellular origin (20) 

. AMV virions contain 34s RNA representing myeloblast-associated 

viruses (MAV-1 and MAV-2) as well as a 32s RNA species containing the 

AMV-specif ic sequences. Cells -mctively or nonpductively 

transformed by AMV express the AMV related messenger RNA corresponding 

in size to the full-length 32s AMV genome ; in addition, a 20s 

subgenomic mRNA containing AT4V-specific sequences is readily detected 

in AMV transformants and can be packaged into the virion. Cloned 

chicken fibroblasts productively infected with fresh plasma from 

AMV-sickened birds express also the 32s and 20s RNA molecules although 

the relative production of the subgenomic RNA species is comparatively 

diminished. 

By contrast, cells nonproductively transformed by E26, and virions 

rescued from such.cells, contain two RNA species of 30s and 28s which 

are detected with radio-labeled N1V-specific DNA transcripts. No 

subgenomic mRNA molecules analogous to the 20s PJlV RNA were detected. 

Our results suggest that AMV-specific sequences have been recombined 

near the 3' end of AMV (probably in the - env gene) and near the 5' end 

of E26 (in the gag gene). Thus, portions of the same transforming gene 

can recombine with helper virus genomes in two different sites. 



INTRODUCTION 

The BAI-A strain of avian myeloblastosis virus (AMV) causes acute 

myeloblastic leukemia within a short period of latency when innoculated 

into young chickens (2 ; 15) .In vitro, the 

virus can infect several types of cells, but apparently transforms only 

target cells of the myeloid lineage giving rise to myeloblast-like 

transformed cells ( 7  ; 15 ; 16) 

. AMV is replication-defective and can be 
propagated only in pseudotypes formed by helper viruses like the 

replication-competent avian leukosis viruses (ALVs) (15) 

. Stocks of standard AMV (strain BAI-A) isolated from the plasma 
of leukemic birds contain at least three different viruses which differ 

in their biological proterties ; these include the authentic myeloblast 

transforming agent (AYV) as well as at least two helper viruses, the 

myeloblastosis associated viruses PAV-1 and MAV-2 (19 ; 22). 

Among the known avian leukemia viruses, only one other isolate 

(the E26 strain) produces acute myeloblastosis (3) 

E26 is replication-defective but unlike AMV can transform both 

fibroplastic and hematopoietic cells in vitro (9) 

Both AMV and E26 are genetic recombinants containing portions of helper 

ALV viruses linked to additional sequences transduced from the DNA 

of normal chickens (20) . The latter sequences 
(designated e) are not detected in the analogous recombinant Tenomes 
of other avian acute leukemia viruses, which produce erythroblastosis 

or rnyelocytomatosis, and thereforearelikely to confer the property 

of myeloblast transformation. 

To date, little is known about the genomic structure of these 

viruses, especially E26. We have now determined the sizes of AMV and 



E26 genomes and measüred the complexities of the intracellular 

messenger RNA species which appear in cells transformed by both 

isolates. Our studies show that AMV-specific sequences are organiz 

differently within the two myeloblast transforming agents, and 

suggest that expression of putative transforming elements can be 

independently resulated by different viral genes. 



EWTERIALS AND ?lETIlODS 

Cells and viruses : Primary chicken embryo fibroblasts (CEF) were 

obtained from 11 day old C/E enbryos of the Brown Leghorn flock. 

productively and nonproductively transformed myeloblasts isolated 

after infection with the WlV complex and E26 (RAV-2) were prepared 

as described ( 3). 

A nonproductively transformcd A!:V myeloblast clone (5YS) 

( 17) was kindly provided by C.MoscoviciL 

Plasna fron AMV-infected birds was obtained from J.Beard (AIV-A and B) 

and selccted pseudotypes , from R.Ishizaki (AMV-A) and fron L.Gazzolo 

(=lV-B). 1Se also used the myeloblastosis associated viruses MAV-1 

(subgroup A )  and I*iAV-2 (subcjroup B) originally isolated by end point 

dilution from the latter two pscuùotypes, as well as the replication 

conpctent strains td-Pr B and td-Pr C obtaincd originally frym 

R.Junghans and P.K.Vogt, rcspcctively. Plasma from E2G infectcd birds 

was from T.Craf and H.Dcug, as well as the A-14 clone of chicken 

~yeloblast productivcly transformed in vitro with E26 (RAV-2). 

RNA extraction : For liquid hybridization analyses and synthcsis of 

conplementary DNA transcripts (cDNA), viral and cellular RN>-s were 

prepared as previously describe2 (24) . For 
solid phase hybridization procedures, plasma from chickcns ir-fected 

with either AElV or E26 was dilued in 10 volumes of physiological saline, 

clarified by centrifugation (1000 xg for Ionin), and virions were 

pelleted at 25,000 RPM for 45 min in a Beckman SW 27 rotor. The 

virions were disrupted in 0,02 M Tris HCL, pH 7.4, containing 0,6Y NaCl 

0.01 M EDTP. and 0,s % SDS and polyA-containing RNA was recovered by 

chronatography on oligo-dT-cellulose columns (Collaborative Research. 

Type IV) as dcscribed by Verma ( 28). 



Cellular m'A was extracted from infected myeloblasts, concentrated 

under ethanol, dissolved, and chromatographed twice on oligo-d~- 

cellulose as above. 

!Iolecular hybridization analyses : Liquid hybridization was performed 

as described ( 24 ) * . For solid-phase analytic 
procedures, RNA was denatured in glyoxal (13) - .  - 

, electro phoretically separated in agarose gels, and 
immobilized on DBH prior to hybridization to (32~)-labeled CDNA 

( 1  ) . Northern blots were washed according to Wen 

Yang (personal communication) and hybrids scored by autoradiography. 

Preparation of spccific cDNA transcripts : Radiolabelcd cDNA transcripts 

were synthesizcd in exogcnous reactions using a 50-70s !?KA tenplate 

(WlV strain BAI-A), calf thymus primer, and purified mlV polymerase 

as previously described ( 26 ; 27 ) . After 
sonication, (10 mn, 75 watts,Branson Sonifier with small sonotrodc, 4 " ) ,  

gradicrrts 
cDNA of 4-6s in sire was sekcted by sedimcntation in alkaline sucrosev 

and annealed with an excess of purified 70s RNA from ALV (td PrB) under 

conditions of low stringency (60' C f  1.2M NaCl, final Crt=25 mole-sec/l). 

The products were adsorbed to hydroxyapatite in 10 phosphate buffer, 

pH 6.8, containing 1.5 M NaCl (50° C), and single strander! DNA was 

eluted by a linear gradient of phosphate (0.1 M to 0.2 M) containing 

1.5 M NaCl. This procedure effectively removed sequences related to 

td PrB RNA in a single step. The unhybridized cDNA (10-20% yield) was 

annealed to purified 70s RNA fron MAV-2 (final Crt = 10 mole-sec/l), and 

reselected on hydroxyapatite as above. The residual single stranded 

DNA was then rehybridized under stringent conditions ( G ~ * c ,  0.6 M NaCl) 

to 50-70s RNA from AMV at a limited Crt (1 .O mole-sec/l) to rccover 

hybridizing sequences sbecif ic to the AEIV genome. hnlv-specif ic hybrids 



100 pg/ml of proteinase K for 15 minutes at 7 7 O ~ ,  and extracted with 

phenol. Viral RNA in the recovered duplexes was eliminated by 

alkaline hydrolysis (37'C, 0.6 M NaOH, 16 hours), and the AMV specific 

cDNA (denoted cDNA 1 was neutralized and concentrated under ethanol. 
m v  - 

DNA transcripts specific for the MAV-2 genome (cDNA ) were obtained 
mav - 

by recovering with 0.4 M phosphate the daplexes retained on hydroxya- 

patite in the second selection step. Concentrated duplexes were 

treated with S'l and hydrolized as described for the cDNA . The final 
amv - 

yield of cDNAamv and cDNA transcripts were 2 % and 0.4 8 of the 
mav - 

starting radio-labeled cDNA and the complexities of these probes as 

determined by cDNA excess hybridization techniques (29 ) 

modified by S.Saule (in preparation) Ca. 2000 and 1000 nucleotides 

respectively. Radiolabeled DNA transcripts complementary to different 

portions of the td-Pr B genome were prepared by analogous methods 

(S. saule and D. Stehelin in preparatior?) Transcripts representing the 

complete td-Pr B genome (cDNA ) and the viral env gene (cDNA ) 
3 2  - env . were prepared as described (26 . After a positive selection 

with RNA from the Bryan strain (zv-) of Rous sucoma virus, DNA : 

RNA duplexes containing DNA complementary to the gag, &, and - c-regions 
(cDNAgag-pol-c) .were hydrolyzed in alkali, and the cDNA complementary 

to the c-region was rernoved by hybridization to 10s polyA- containing 

RNA of td-Pr B selected on a sucrose gradient. DNA complementary to 

gag sequences was then selected by hybridization to the RNA of cells 

nonproductively transformed with the myelocytomatosis virus MC-29 

( 4 )  ) that contains most of the gag sequences but no 

pal sequences (25 ) . The unhybridized single-stranded 
DNA (designated cDNA ) .and the duplexed DNA (containing cDNA Pol Were 

recovered on hydroxyapatite and treated as described above. 

The complexities of cDNA ,cDNA&, 
gag 

cDNAenV, and cDNAc-region - 
were estimated to be 2000, 3000, 2200, and 330 nucleotides, respectively 



RESULTS 

Genetir content of the N,lV and E26 genomes : 

The RNA of myeloblasts nonproductively transfomed with AMV was 

analyzed by hybridization with cDNA transcripts representing different 

portions of the ALV genome (Figure 1A). Transcripts complementary 

to the complete td-Pr B genone (cDNA ) hybridized to a final extent 
rep 

of only 50 % with the PNA of these cells. A similar plateau value 

(59 % )  was obtaincd using cDNA representing the gag, &, and 
rrag-pol-c 

c-regions of td-Pr B, while no significant hybridization was obtained - 
with cDNAenV. Thus, wliiïe AMV lacks a significant portion of the - 
sequences present in td-Pr B RNA, it appears to retain viral sequcnces 

derived from the gag and pol genes. 

In addition to sequences homologous to those of ALV, myeloblasts 

transformcd by AYV express two other subscts of sequcnces (Figure ln). 

These include the M¶V-spccific sequences which are also represented in 

the DNA of normal'uninfected chickcn cells ( 5  ; 20) 

. as well as sequences shared with the myeloblastosis- 

associated viruses, MAV-1 and MAV-2. The cDNA hybridizes to 
mav - 

completion with RNA from cells infected with MAV-1 and -WV-2 but to 

less than 5 % with viral RNAs fron Rous sarcoma virus (nd Pr B or 

nd Pr C) or the ROUS-associated viruses (RAV-O, RAV-1 or RAV-2) - 
(data not shown)'. Kinetic analyses indicated that the Crt 1/2 values 

obtained with cDNA and cDNA were approximately two-fold lower 
amv - m v  - 

than those obtained with the ALV-specific probes (see below). 

The results of similar experiments perfomed with the RNA of 

myeloblasts nonproductively transformed with E26 were different from 

those obtained with N4V-transformed cells in several respects (Figure 1B) . 



First, the final extents of hybridization obtained with CDNA 
rep 

(35 % )  and cDNAW-& - (13 % )  were compùratively lower, while - 
cDHAenv hybridized to a plateau value of 60 8 .  Thus unlike MIV, ~ 2 6  - 
appears to have lost the najority of the 93-pol sequences, but has 

retained some sequences related to the - env gene. Second, although 

cDNA hybridized with the RNA of E26-transformed myeloblasts, only 
a m  - 

two-thirds of the MN-specific sequences were detected. Finaly, cDNA 
EEV - 

failed to hybridize to the P.NA of these cells. Taken together, the abvve 

results suggest that while E26 and AVV share ca.two-thirds of the 

AMI-specific sequences, the two viruses appear to represent independent . 

recombinants containing distinctly different portions of helper viral 

genomcs. Further structural data were obtained at. plateau hybridizations 

(Crt,S) with probes representing different viral sequences and 

are sumarizcd in Table 1. Fron these expcriments we estimate that the 

AMV genone contalns a complete oag qene, over one-half of UV-rclated 

pal sequcnces, al1 of the AFIV-specific sequences ( 2000 nuclcotides), 

and an additional.600 nucleotides specifically derivcd fron MAV. By 

contrast, E26 appears to lack e majority of q o ~  and al1 of but 

retains partial ALV-related - cnv sequences and the majority of 

AMV-specific sequences ( 1350 nucleotides). 

Size of the genome of PJ4V : 

Virions prified from the plasma of chickens sickened with the 

AMV complex were disrupted and the poly-A containing RNA, selected on 

poly-dT-cellulose, was subjected to agarose gel electrophoresis under 

denaturing conditions, followed by northern blotting. Results on Figure 2 

(panel A) show two viral RNA species. RNA molecules of 345 and 32s could 

be detected using either O2p) -1abeled cDNAren or cDNAmaV. By contrast, 
& - - - 

only the 32s species hybridized to ("P) cDNAamV. These results indicùte - 
that the 34s RNA represents the genomes of the helper viruses while 

the 32s s~ccies reoresents the qenome of the renlication-dcfcctivc, ANI ' .  . - 



Two i n t r a c e l l u l a r  s p e c i f i c  n R N A s  i n  AhiV i n f e c t e d  ce l l s .  

S i m i l a r  e x p e r i m e n t s  were p e r f o m e d  w i t h  c e l l u l a r  RNA. An a n a l y s i s  

o f  i n t r a c e l l u l a r  p o l y  A-conta in ing RNA from =SV-transfonned non 

p r o d u c e r  (NP) m y e l o b l a s t s  ( F i g u r e  2, p a n e l  B) conf i rmed and extended 

o u r  f i n d i n g s .  Using cDNA rep'  o n l y  a  32s RNA s p e c i e s  was d e t e c t e d ,  

c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  t h a t  t h e  34s W A  m o l e c u l e s  i s o l a t e à  from 

i n f e c t i o u s  v i r i o n s ,  r e p r e s e n t  h e l p e r  genomes a b s e n t  i n  NP cells.  A s  

e x p e c t e d ,  t h e  32s RNA w a s  r e a d i l y  v i s u a l i z e d  a f t e r ' h y b r i d i z a t i o n  

w i t h  cDNA,,,. I n  a d d i t i o n ,  a s m a l l e r  p o l y  A-conta in ing RNA s p e c i e s  - 
(20s) was d e t e c t e d  w i t h  t h e  cDNAa, ( a s  a  s t r o n g  s p o t ,  p a n e l  B) as - 

w e l l  as w i t h  FiAV-specific cDNA ( d a t a  n o t  shown) b u t  a o t  w i t h  c D N q  . 
ep 

The d e t e c t i o n  o f  s u c h  a n  abundan t  subgcnomic mRNA i n  m?V-transformeù 

nonproduccr  ccl ls  i s  c o n s i s t e n t  w i t h  t h e  sonewhat lower C r t  1/2 v a l u e s  

o b t a i n e d  w i t h  cDNAamV a n d  cDNAmaV as  compared w i t h  t h e  v a l u e s  o b t a i n e d  - - 
w i t h  t d - P r  B c D N A  

3 
i n  F i g u r e  1A. 

S i n c e  A!V c o n t a i n s  a p p a r e n t l y  a c o n p l e t e  sac gene ,  we t e s t e d  t h e  

p o s s i b i l i t y  o f  A ! !  p a r t i c l e s  b e i n g  produced by t h e  "NP" 5YS m y c l o b l a s t s .  

Indeed,  t h i s  was t h e  case and a  n o r t h e r n  b l o t  performed on t h i s  v i r u s ,  
* 

showcd b o t h  the 32s and 20s RNAs i n t o  t h e  v i r i o n  ( d a t a  n o t  shown).We have 
no o b v i o u s  

J e x p l a n a t i o n  f o r  t h e  f a c t  t h a t  =IV p r e p a r e d  frcni plasma does n o t  show 

t h e  20s band i n  Our hands  d e s p i t e  r e p e a t e d  exper iments .  P r o d u c t i v e l y  

t r a n s f o r m e d  m y e l o b l a s t s  ( p a n e l  C )  and  c h i c k e n  embryo f i b r o b l a s t s  i n f e c t e d  

w i t h  AMV ( p a n e l  D) also c o n t a i n e d  t h e  two AMV-related 32s and 20s RNA 

molecu les .  The 3 2 ~  c D N A s  used  h e r e  were f r o ~  a n o t h e r  b a t c h  less 

s u c c e s s f u l l y  s e l e c t e d .  Thus, i n  a d d i t i o n ,  t h e s e  b l o t s  show t h e  34s h e l p e r  
J 

v i r a l  RNA s p e c i e s  and a l s o  some o t h e r  minor bands.  A cornparison 

of t h e  i n t e n s i t i e s  of bands  o b t a i n e d  w i t h  p r o à u c t i v e l y  t r ans fo rmed  

m y e l o b l a s t s  and p r o d u c t i v e l y  i n f e c t e d  bat  a p p a r e n t l y  nont ransformed 

f i b r o b l a s t s  s u g g e s t e d  t h a t  t h e  r a t i o  o f  20s t o  32s RNA was g r e a t e r  



and intracellular E26 related RIJAs 

A similar approach was used to investigate the viral RIJAS 

corresponding to E26. Figure 3 shows comparative solid phase hybridi- 

zation analyses performed with the RNA of E26. Virions purified from 

the plasma of chickens with E26 (RAV-2)-induced myeloblastosis and 

blotted as described for AMV contained a single 34s RNA band corres- 

ponding to the helper virai gehone (panel A ) ,  as detected with CDNA 3' 
Liquid hybridization analyses performed with this viral RNA preparation 

showed that helper viral sequences were present in a one hundred fold 

excess ovcr sequences detected with cDNAmv. Thus, FNA species - 
reprcsenting replication-defective E26 gcnomes could not be readily 

detected using td Pr B cDNAre 
2' 

However, when the same blot was hybri- 

32 dizcd to P cDNa,,, two additional E26 specific bands of 30s and 285 - 
specics werc seen in addition to the 34s hclper genone still visible. 

becausc of it's vast excess. 

We also analyzed the cellular poly A-containing RNA purified from 

E26 (RAV-2) infected myeloblasts productively transformed in vitro. The 

northern blots in panel B show again the helper band with cDNA , and 
reD 

the two E26 specific bands at 30s and 28s (faint) with cDNA 
amv 

(the absence of the 34s band indicates that the helper is notin vast 

excess in these cells). In conclusion, again two viral RNAs are found 

.in the E26 virion as well as in E26 infected and trarisformed myeloblasts 



DISCUSSION O 11 - 

The seven leukcriia virus strains of chickens now under intense 

investigation(1O;2~)havc been classified into three different groups 

based on their propensity to transform different hematopoietic target 

cells ( 8 ) .  Of these, two indcpendent isolates, PMV and E26, transform 

myeloblasts i n  vitro and induce myeloblastosis in vjvo. To date, the 

structures of the N l V  and specially the C26 qenornes have been poorly 

characterized. Using AMV-specific cDNA, it was shown that each of these 

viruses contains a related subset of sequences, (e), derived from 

normal chicken cells which appear to be responsible for nyeloblast 

transforming activity. (20 1 .  It seemed likely that the genome of 

E26 would differ from that of AbIV since E26 is also capable of 

transforming quai1 fibroblasts whereas AMV is not (9 1 .  

In the present study, MW-specific cDNA (cDNA ) was used to arnv - 
detect the AMV genome in different virus stocks and in MIV-infected 

cells. Full-length An1V RNA was found to be 32s in size, corresponding 

to a maximal complexity of approximately 7400 nucleotides. This 

value is in agreement with Chen et al (1980) and with a recent estimate 

of the size of putative AMV linear DNA intermediates (4.9 megadaltons) 

formed in cells acutly infected with the AMV complex, considering 

that the viral DNA is expected to differ in length from =IV RNA by 

the presence of an additional terminally redundant sequence of 

approximately 300--350 bases (23). The 32s FNA molecules were detecte2 

in myeloblasts productively and nonproductively transformed by A'lV, in 

untransformed AtW (F4AV)-infected fibroblasts, and in virions isolatcd 

from the plasma of MIV sickened chickens. In addition, a polyA- 

containing 20s RNA species (complexity 2500 nucleotides) was detected 

in AVV-infected cells suggesting that the WIV-specific sequences are 

localized in the 3'one-third of the AMV genome.This 20s RNA is 



packaged  i n t o  v i r i o n s  produced by n y e l o b l a s t s ,  b u t  unexpec ted ly  Xe 

were u n a b l e  t o  d e t e c t  i t  i n  v i r i o n s  from t h e  plasma o f  s i c k e n e d  

ch ickens ,  a f i n d i n g  t h a t  r emains  t o  be unders tood .  The 20s  s p e c i e s  

h a s  also been s e e n  by Gonda and Bishop  ( p e r s o n a l  communicat ion) ,  b u t  

n o t  by  Chen e t  a l .  ( 5 ) ,  who used 60-70s v i r a l  RNA i n  t h e i r  exper iments  

T h i s  would s u g g e s t  t h a t  t h e  20s  RNA 'is n c t  found i n  t h e  60-70s RNA 

complex and is  l o s t  upon p u r i f i c a t i o n .  

AMV, MAV-1, a n d  biAV-2 also c o n t a i n  a n o t h e r  s u b s e t  o f  s p e c i f i c  

sequences  which were n o t  d e t e c t e d  i n  d i f f e r e n t  s t r a i n s  o f  Rous sarcoma 

or  Rous-associa ted  h e l p e r  v i r u s e s .  The p r e s e n c e  o f  600 b a s e s  o f  "EIAV- 

s p c c i f i c "  s e q u e n c e s  i n  t h e  MN genome l e a d s  u s  t o  p o s t u l a t e  t h a t  

I\MV is a g e n e t i c  r ecombinan t  formed w i t h  NAV (or a t4AV-lfke v i r u s )  

r a t h c r  t h a n  w i t h  a Rous-associa ted  h e l p e r  v i r u s  l i k e  RAV-1 or RAV2. S i n c e  

b o t h  NAV-1 and MAV-2 c o n t a i n  a f u l l  complcnent  o f  MAV-spccific scquenccs  

( 1000 b a s e s ) ,  it i s  n o t  p o s s i b l e  t o  i d e n t i f y  which h e l p e r  v i r u s  i n  

t h e  AMV s t o c k  s e r v c d  a s  t h e ' p a r e n t a l  v i r u s  i n  t h e  e v e n t s  l e a d i n g  t o  

thc  f o r m a t i o n  o f  M W .  

The p r e s e n c e  o f  MAV-specific s e q u e n c e s  i n  t h e  20s RNA s p e c i e s  

d e t e c t e d  i n  AMI-infected cells shows t h a t  t h e s e  a r e  a l s o  l o c a l i z e d  

i n  t h e  3 ' o n e - t h i r d  of t h e  AMV and p r o b a b l y  MAV genomes. These  r e s u l t s  

a g r e e  w i t h  t h o s e o f N e i m a n  and coworkers  who o r i g i n a l l y  demons t ra ted  

t h a t  t h e  RNA genome of MAV2 d i f f e r s  from t h o s e  o f  ALVs o n l y  a t  t h e  

ex t reme  3'  t e r m i n i  (18 ) .  W e  t h e r e f o r e  f a v o r  t h e  i n t e r p r e t a t i o n  t h a t  

MAV-specific s e q u e n c e s  a r e  l o c a t e d  d i s t a l  t o  AMV-specific sequences  

a t  t h e  ex t reme  3 '  e n d  o f  AbIV RNA. I t  would b e  i n t e r e s t i n ?  t o  d e t e r n i n e  
sequences  

w h e t h e r  or n o t  t h e  p r e s e n c e  o f  MAV s p e c i f i q u e ~ c o r r c l a t e s  w i t h  t h e  

a b i l i t y  o f  .WV-1 a n d  MAW t o  induce  o s t e o p e t r o s i s  i n  c h i c k e n .  

Bascd on t h e s e  f i n d i n g b ' i t  would b& e x p e c t e d  t h a t  sequences  i n  t h e  

5 '  t w o - t h i r d s  o f - t h e  AMV genone would b e  d e r i v e d  from t h e  MAV h e l p e r  



nonproductively transformed by AMI7 showed that sequences found at 

the 5 '  end of helper virus genomes are conserved in AMV. These 

include the co~plete gag gene an at least a major portion of & 

sequences. By contrast, AMV lacks detectable ALV-related env sequenceç. - 
Reproducible data were obtained by blotting studies which showed that 

subgenomic 20s AEV RNA could not be detected using P r B t d  cDNA 
rep 

transcripts although full length 32s AMV RNA was readily scored. This 

is consistent with the hypothesis of 20s RNA being a spliced messager 

RNA that could have the leader 5' sequences linked to MIV-specific 

and MAV-specific sequences, no - env related sequences and the 3'c and 

poly A stretch (structure : 5' -Ciiyb-MAVI-c-poly A-3'). The calculated 
experimentally 

complexity of such a molecule is consistent with the 20s size foundg 

..Based on measurements of the complexity of the various 

cDNA probes used, we can account for Ca. 6800 out of 7400 nucleotides 

in the AMV genome. The discrepancy of 600 nucleotides presumably 

reflects the selection techniques used in preparing the different 

cDNA transcripts. It therefore seems most likely that the order of 

genes in AMV RNA is 5 ' gag-&- (myb-~~~)c-poly' A-3 ' where the AMV- 

specific sequences W b )  have recombined at the level of the - env region, 

Unlike AMV, E26 lacks the rnajority of the gag gene and al1 

detectable ALV-related pal sequences but retains a major portion of the 

ALV - env gene. The unability to detectcDNA,,,-related seGuences in E26 - 
also suggests that the helper viral sequences represented in these 

genomes are derived from a non-MAV helper, presumably a "standard" 

ALV like virus. Again, the gels show a subgenomic 28s polyadenylated 

RNA present in infected cells as well as in the virus prepared from 

myeloblasts and here also, unlike for AMV, in the plasma from E26 

sickened birds. - . This species that is detected 
by c D N L ,  has not been characterized further but could correspond to - 
a spliced rnRNA. 



Although we estimate the maxinsll complexity of E26 RNA to beN6200 

bases, corresponding to the larger (30s) RNA species detected in 

E26 virions and in infected cells, we can only account for up to 4400 

nucleotides with the cDNA transcripts employed in the present studies. 

The discrepancy of at least 1800 nucleotides cannot be explained by 

technical considerations and must reflect-the presence of unknown 

sequences (noted " Y w )  in E26 RNA unrelated to any of the sequences 

characterized so far in avian retroviruses. These Y sequences could 

be of cellular origin ; in this case, it would be interesting to 

know if they are located next to the cellular myb (c-myb) sequences 

or if they originated from anothcr domain of cellular DNA, involving 

thus two distinct recombination events for the formation of the E26 

virus. The function of thcse Y sequences remains unknown, but it is 

tcmpting to speculatc that thcy could account for the fact that E25, 

but not W V ,  can transform quail fibroblasts ( 9 ) .  

From Our data, the possible structure of the E26 30s RNA could be 

S'-gag- (e-Y)-cnv-c-polyA-3@, .- - but we cannot exclude a different gcne 

order. The E26 subgenomic 28s RNA could then account for a complcxity 

corresponding to the spliced structure 5'- (KI&-Y)-env-c-polyA-3'. - -  
Not much is known so far about the products of the different viral 

mRNAs corresponding to AMV. and E26. For AMV, there is apparently no 

paq-onc fusion protein made in the infected ce11 (Hayman and Graf, 

persona1 communications), but a Pr 76 gag product that could account for 

the fact that AMY is in fact produced (but not infectious) in the 

culture fluids of so-called non producer cells (observation of the 

authors). Thus, it is likely that the putative transforming protein is 

made from .the 20s mRNA, but no clean translation patterns have as yet 

been obtained in vitro. In this respect, AMV would then be analogous to 

Moloney MSV ( 6 ) ,  or to spleen focus forming virus (21  ) . ror E26, the 
~ i c t u r c ?  3 is nnt m i i r h  rlearor., tic fnr nthnv ne7,+ni.I + - - . - - c ~ ~ ~ ;  i n 9 * t n m i  -. 



Hapan, persona1 communication) , that could represent the product of 

the 30s mRNA and would correspond to both @ and Y sequences. 

fndeed, the putative product of the 28s subgenomic rnP.NA of E26 has 

not been identified. The existence of such a second mRNA could correspond 

to the requirement of a different reading frame to produce a biologically 

active Y product. 

Despite al1 these uncertainties, it is clear that AYV and E26 

represent two different 'viruses that have coopted at least partially 

related portions of the same cellular gene ( c - a )  and recombined these 

with helper viral sequences in different ways. If this is the gene 

involved in the induction of myeloblastosis, we can conclude that 

the product of this gcne can be active as a non-gag protefn in AMV 

and also as a sas-onc fusion protein in E26. But it is striking to note 

the prcsence for both viruses of a second set of nucleotide scquenccs 

(XiV - -scquoncs in N ¶ V ,  and Y sequences in E26). This could be a 

coincidence of no biological significancc. But it could also mean that 

indeed two genes are requircd to induce myeloblastosis. If truc, it 
8 

may then be wondered if AMV and E26 have strictly,the same tarçet cells 

in the induction of the myeloid disease. 
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SeqUenCe COlllposltlon or rne viral KnAs or m v  ana &do i n  non prwaucer tells. 

AMV (NP cell) 

RNA tested 

td Pr B (virus) 

E26 (NP cell) 

a) Hybridizations were performed in stringent conditions (NaCl 0.6 N, 68') as described in the 
4 methods section. Plateau values are at Crts of p 10 ~xsecxl-l for td Pr B and at 10 Mxsecxl-l 

for ce11 RNAs. c )  Percent annealings were standardized to 100 % for homologous hybrids. 

Complexities of the probes are given in nucleotides in parenthesis under each cDNA. d) NT = 

not tested. 

a. 
HYBRIDICATION ( %  S1 resistance) with 3~ : 

cDNA gag cDNA a cDNA SV cDNA "cm - 
b ' 

(2000) (3000) (2200) (330) 

C 
100 100 100 100 

< 3 

27 < 60 N T ~  

cDNA - amv cDNA ~v 

(2000) (1000) 

< a  (3 

100 60 

68 < 3  



FIGURE LEGENDS 

~ i g .  1 Genet ic  c o n t e n t  o f  MIV and E26.' 

T o t a l  RNA e x t r a c t e d  from i n - v i t r o  t ransformed AMv 

myeloblas t s  (panèl  a ,  pool of  m u l t i p l e  c l o n e s )  o r  E26 

myeloblas t s  (pane l  b ,  s i g l e  c lone  A 1 4 )  was hybr id ized  

t o  d i f f e r e n t  cDNAs  by vary ing  RNA concen t r a t i ons .  

Hybrids were formed i n  s t r i n g e n t  c o n d i t i o n s  (0 .6  N NaCl) 

and assayed wi th  S 1  nuclease  as desc r ibed  prev ious ly  

( 2 4 ) .  S - ~ G ~ S  are : C D N q  ( O )  ; cDNAenV 
ep 

(a) ; - 
CDNA9acJ-~ol-~ --  ( O ) ; c D N b V  - (a) and C D N % & ~  - ( ) . 

Fig.  2 RNA b l o t s  of  Af4V i n  t h e  plasma o r  i n  i n f e c t e d  cells. 

T o t a l  RNAsextracted and poly-A s e l e c t e d  were sepa ra t ed  

on agarose  g e l s ,  t r a n s f e r e d  t o  a c t i v a t e d  DBM paper and 

hybr id i zed  w i t h l 3 l 4  cDNA probes ( c D N q  , cDNAmV , ep - 
cDN%,+) as desc r ibed  i n  t h e  methods sec t ion .Gels  were - 
s t anda rd i zed  wi th  r ibosomal and v i r a l  rnazkers. 

A : v i r a l  RNA e x t r a c t e d  from plasma o f  AMV s ickened 

chickens  ; B : c e l l u l a r  RNA i n  AMV t ransformed, non- 

producer chicken n y e l o b l a s t s  5 Y S ; C : c e l l u l a r  RNA 

fron AHV in -v ivo  t ransformed producer  myeloblas t s  ; 

D : c e l l u l a r  RNA from chicken f i b r o b l a s t s  i n f e c t e d  wi th  

t h e  AMV complex from chicken plasma. 

Fig .  3 RNA b l o t s  of E26 i n  t h e  plasma or i n  i n f e c t e d  c e l l s .  

'To ta l  RNAsextracted and poly-A selected were t r e a t e d  as 

desc r ibed  f o r  f i g u r e  2. A : E26 (RAV-2) RNA from t h e  

plasma of E26 s ickened  chickens  ; B : RNA e x t r a c t e d  from 

E26 (RAV-2) i n - v i t r o  transformed ch icken  myeloblas ts  

(c lone  A 1 4 ) .  
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Les travaux dCcrits dans ce t te  thèse comp~rtent deux part ies. 

L'auteur montre d 'abwd que l e  -rétrovirus endoglrrte du poulet (RAV-O) , 
que l ' o n  c r ~ ~ % j f  pesen t  dans tputes l e s  espèces du genre Gallus, n 'ex is te 
pas dans l e  génome des espèces kxotiques Gallus Sonnerati, Varius e t -  
Lafayettei, b'ienpque des q$lules de t e l s  p u l e t s  soient hautenient 
suçceptfbles 8-1 i r l fect ion par l e  v i rus RAV-O. Ces séquences ne jouent donc pas 
de r ô l e  essentiel dans le, dgveloppement de ces d i f férentes especes aviaires, 
ainst que cela ava i t  é té pmposé par d'autres auteurs. 

Dans une seconde par t ie ,  1 'auteur démontre que les  rét rov i rus des leucémies 
aiguës aviaires comportent a@ moins t r o i s  gènes oncogènes d i s t i nc ts  respon- 
sables de leur  pouvoir transformant. Il démontre ensuite que ces gnes  viraux 
sont en f a i t  des @fies ce l l u la i res  transduits par des rétrovirus, que ces 
gènes ce l lu la i res  sont stablement conservés au cours de l a  phylogenie des 
ver tébds  ~upérieurs,  e t  qu' i l s  se retrouvent &nie dans les  chromosomes des 
mamif&es, y compt-is chez 1 ' hanme. 

Ces travaux ont const i tu6 un apport conceptuel important concernant 1 es 
&cani unes de cancerogénèse , en montrant que des gènes ce1 1 u l  a i res nomaux, 
t ransduits par des virus-vecteurs e t  reinsérés par in fec t ion  dans l a  c e l l u l e  
hate, ont  acquis un puissant pouvoir cancérogène qui  s u f f i t  a 1 ' i n i t i a t i o n  
et au maintien de l a  transformation. 
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