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- 
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Some of the fac tors  controlling t issue growth in animals,  and cell  p r o -  
l iferation in. unicellular organisms a r e  reviewed. . Radiation damage in,diploid 
yeast  ce l l s  manifests itself sometimes in delayed lethal effect and decreased  
cell  division-rate over severa l  generations in the progeny of the i r rad ia ted  
cell .  Recovery of the progeny of i r radiated yeast ce l l s  f rom phenotypic ex- 
pression of radiation damage can be delayed over many generations and i s  
s imi lar ,  in t ime ra t e  of onset to the onset of radiation-induced animal tumors .  
A parall.el suggests.  itself between the mechanism of somatic -radiation. ca rc i -  
nogene s i s  and delayed, recovery of unicellular organisms f rom radiation. effect. 
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Fo; the pas t  severa l  yea r s  a group a t  the Donner Laboratory has  been 
engaged in a biophysical study of the effects of various radiations--including 
x - rays ,  protons,  deuterons,  alpha r ays ,  and carbon par t ic les - -on . the  inhibi- 
tion, delay, and accelerat ion of cell  proliferation. The exact elucidation of 
the detailed proc'esses by. which radiation in ter feres  with the cell-division 
mechanism i s  obviously a t  the root of our ¶ue r i e s  into the haza rds  present'ed 
to man by radiations,  and into the origin of radiation-induced cancer .  P a r a r  
doxically, animal experiments  and studie s of living t i ssues  a r e  not necessar i ly  
the best means 'by  which the fundamental changes induced by radiation may be 
studied a t  the' cellular level .  The organization of t i ssues  i s  sb complicated, 
and so many different cell  types with many relationships to each other a r e  in- 
volved, t'hat it s e e m s  logical to r e s o r t  to sys t ems  where cel ls  ac t  independently 
of one another,  a s  seems  to be the case  with some asc i tes  tumor cel ls  that ' 

grow akin to bac ter ia  in asc i tes  fluid (Klein);  to culture single tumor ce l l s  
(Puck);  o r  to actually r e s o r t  to unicellular organisms,  which may  be handled 
in relatively uniform populations in synthetic media.  

It seems.  obvious that somatic ce l l s  of animal and human t i ssues  r ep -  
resent  a s ta te  of evolution that i s  much m o r e  advanced than that of yeast  cel.ls, 
f o r  example, the fo rmer  having much g rea te r  potentialities in differentiation. 
Therefore  one should exerc ise  considerable c a r e  in making deductions with 
respec t  to t i ssue  effects f rom experiments  on unicellular organisms.  I p r e -  
pared two tables in which the terminology of cer tain concepts concerning t i s -  
sues and unicellular organisms a r e  compared.  Table I i s  self-explanatory; 
i t  i s  evident that c a r e  has  to be exercised,  for  example, in comparing growth 
r a t e s  of t issue to growth r a t e s  of unicellular organisms,  since the growth po- 
tential of t i ssues  i s  not fully utilized owing to limiting effects by hormones 
and vitamins.  

Table I1 goes f a r the r  in the comparison of t i ssue  growth in animals  , . 

and cell  proliferation in unicellular organisms.  In animals  there  i s  a compli-  
cated system of regulation of t i ssue  activit ies,  probably based on the feedback 
principle and involving hypothalamic and hypophyseal activity. Unicellular 
organisms may influence their  own growth r a t e  by virtue of their  own metabolic 
products a lso,  but in the 1.aborat.ory one i s  usually able to maintain conditions 
under which. this i s  not an important fac tor .  

With the above limitations in mind, I wish to briefly summar ize  some 
of the radiobiological findings with yeast  ce l l s ,  and then apply these to the 
problem of carcinogenesis .  

* 
This work was supported by the U.. S,  Atomic Energy Commission. 

' ~ r o m  a paper given a t  the 1956 meeting of the Swedish Medical Association. 
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Table I ' . ' 

- ~ -- ~ 

. . Comparative termino10,gy used in t issue and cell  prol i fera-  
tion studies . , 

Tissue growth .. Cell division 

Rate normal  Rate l imited 
. . 

... Hormones Limiting nutr ients  
. . 

Carcinogen Mutagen 

Tumor : Mutant s t ra in  

Undifferentiated growth Mutation to independence 

. , 

. : . 
. . ,  . . 

Table 11. . . 

Some fac tors  in the control of proliferation in' animal t i ssues  and .unicellular 
organisms . 

Animal . ' Cell 
.- - 

Hormonal Feedback Single Nutrient, no feedback 

Genetic' factor on somatic cel ls  I 1. Gene tic.'factor 

\on control systemJ 

Lethal 

Ketard cell  division 
Garcinogens, Mutagens 

Mutagenic 

( . R e t a r d  tumor growth ' 



The yeast  s t rain Saccharomyces cerevis iae i s  very  conve?ient f o r  r a -  
diation studies because i t s  cel ls  a r e  available in various ploidies. There  a r e  
haploids of two mating types,  three diploids, two triploids,  and a tetraploid 
cell ,  attr ibutable to the efforts of many workers  in the field, par t icular ly 
Winge and Lindegren. Recently p r e p a r a t i o ~  of a quintaploid and a hexaploid 
s t rain,  by mating diploids and triploids,  was found possible.  * A l l  these 
plo-idies can form vegetative colonies, and under special  conditions one i s  able 
to sporulate the diploid ce l l s ,  thus obtaining four haploid ascospores ,  and giv- 
ing r i s e  to a technique of analysis  of genes and genetic linkage known a s  te t rad  
analysis.  

Extensive radiation experiments  with cel ls  of various loidies have 
shown that diploid cel ls  were  m o r e  res i s tan t  than haploid, J 2 9 ?but higher 
ploidies appeared to have an . increased  radiosensitivity. Sporulation experi-  
ments4 and deduction of our survival curves3,  give one possible mechanism 
of lethal effect, the production of recess ive  le thals .  When diploid cel ls  c a r r y  
recess ive  le thals ,  they themselves keep alive and multiply, but a single r e -  
cessive lethal leads  to two of ' the four haploid ascospores '  being unable to di- 
vide. P a r t  of the haploid-diploid survival of x- rays  seems  to be accounted.for 
by assumption of the recess ive  lethal me'khanism of inhibition of cell  division. 

Another mechanism of radiation-induced lethal effect appears  to be . 
the "dominant" lethal production, so  named because i t  resembles  production 
of dominant lethals in Drosophila melanogaster .  Mort imer showed the existence 
of this mechanism by i rradiat ing haploid ce l l s ,  subsequently mating them to 
unirradiated haploids of the opposite mating type, and observing survival of 
the diploids thus produced. It appears  that in yeast  ce l l s  with ploidies higher I 

than two the dominant lethal effect becomes increasingly important with in- 
creasing ploidy. The dominant lethal effect, in which a s ing le  ionizing part ic le  .; .$, 

i s  capable of killing a higher-ploidy cel l ,  i s  readily interpretable in t e r m s  of 
production of chromosomal  aber ra t ions  and rejoinings. Unfortunately, yeast .-, 

. . .  cell  chromosomes have not been observed directly so f a r .  

I myself have been interested in ce l l s  that a r e  capable of surviving 
radiation and in. the subsequent fate of such cel ls  and their  progeny. Ea r ly  i'n 
the cou'rse of this  investigation i t  became c lear  that dieloid surv ivors  behaved 
differently f rom haploid ones.  The la t te r  either became normal  ce l l s  again, 
with normal  cell-division periods,  o r  died af ter  one or  two divisions. In i r -  

. radiated diploid ce l l s  the situation i s  different: the cell  and i t s  progeny may 
die severa l  generations af ter  radiation; o r  they may become normal .  How- ' 

eve r ,  there  i s  a consider.able number of i r rad ia ted  diploid ce l l s  that a r e  ca-  
pable of producing colonies, which.show a proliferation r a t e  considerably be- 
low normal .  . These cel ls  a r e  somet imes ,  but not always, deficient in their  
cytochrome system in the, sense of ~ ~ h r u s s i . , ~  

A simple experiment was performed on i r rad ia ted  single diploid ce l l s  I' 

with the aid of ' a  micromanipulator.  The cell  was allowed to bud, and when the I 

bud became separable f rom the mother cell ,  the two were  placed f a r  apa r t  and 
allowed to bud again. The new buds were  separated again. In this  way "family 

Ji: 
Robert .K.- Mort imer ,  UCRL, pr ivate  communication. 



t r ees"  of the progeny of i r rad ia ted  ce l l s  were  obtained. It was found that there  
a r e  many offspring (shown on Fig.  1) that will die, that i s ,  that a r e  incapable 
of producing buds. The lethal offspring can be produced severa l  delayed gen- 
e ra t ions  l a t e r ,  and i t  appeared a s  though their  production was of s ta t is t ical ,  
random nature.  At the s a m e  t ime,  some of the cel ls  that remained capable 1 

of reproduction became heal thier ,  a s  evidenced by their  increased  reproduction 
r a t e .  One may take this  experiment ( to  be published in more  detail)  a s  evi- 
denc,e for the possibility that survivors  of radiation t reatment  may c a r r y  rnany 
defe.cts, and that the cell  possesses  ability to recover  by some so r t  of regroup-  
ing of i t s  genetic loci  and cytoplasmic constituents. Mendelian laws of inher-  
i tance, in their  s t r i c t  sense ,  do not apply to i r radiated yeast  ce l l s ,  since off- 
spring of the same mother  show very different survival proper t ies .  Normal  
yeas t  ce l l s  do not show these  phenomena, except r a r e l y  ( 1  in 100) .  

One is impressed by the lasting changes in prulileration r a t e  that 
yeast  ce l l s  have in the postirradiation period. F igure  2 gives a demonst ra-  
tion of these phenomena. In this figure,  a l l  cel ls  have been t reated s imilar ly,  
and the figure shows yeast  colonies on P e t r i  dishes,  photographed simultane- 
ously. In 1 and 2 a r e  normal  single-cell isolates  on potato dextrose aga r ,  
a f te r  5 days at  20°C. Plate  5 shows single-cell  i r radiated isolates  (50% lethal 
dose) ;  note the appearance of many small  colonies. In 3 and 4 a r e  re i so la tes  
f rom smal l  colonies appearing on i r rad ia ted  plate No. 5.  Plate  3 shows that 
all progeny of a single i r rad ia ted  cell  retained the reduced r a t e  of growth, a s  
shown h e r e  by the smal l  colony s ize.  The cel ls  of 3 a r e  a l so  considerably 
m o r e  radiosensit ive than the normal  diploid cel ls ,  a s  one would expect f rom 
ce l l s  with a previously damaged reproductive apparatus .  Plate  4 again shows 
smal l  colonies f rom another pre i r rad ia ted  cell ,  but the appearance of an oc-  
casionally l a r g e r  colony. In 6, single-cell  isolates  f rom one of the l a rge  
colonies of 4 a r e  plated, giving r i s e  to all  l a rge  an healthy colonies, witb 
m o r e  normal  rad iores is tance  than 4. 

After considerable study of these phenomena we.came to the conclu- 
sion that they represent  an interesting, heretofore neglected aspect  of rad ia-  
tion biology. Diploid ce l l s  show a depressant  effect .of radiation on cell  di-  
vision for  many generations,  but a r e  c'apable of recovery into vigorously grow- 
ing ce l l s  again-without r .esort  to: sporulation o r  mating p rocesses .  The. Berke-  
ley  group has  these p r o c e s s e s  under study a t  present ,  of i r radiat ing ce l l s  with 
known biochemical deficiencies.. 

With the full r,ealization that animal t i ssues  represent  another level 
of biological complexity, one i s  nevertheless  tempted to compare these events 
to the phenomena observed in the course  of recovery of animal . t issues f rom 
radiation effects.  Somatic ce l l s  in mammals  and .man a r e  mostly diploid, 
and in s0m.e t i ssues  tetraploid.  One frequently observes  a sequen.ce of events 
following exposure to sublethal radiation; these include dklay in cell  division,. 
attempt of t i ssues  to regenera te ,  chronic attenuation of normal  growth pat tern,  
and eventual proliferative growth, e i ther  in the form of benign-tissue r e a r -  
rangement  ( e .  g . ,  connective t issue o r  keloid formation) o r  in eventual onset 
of cancer .  Now i t  i s  well recognized that radiation-induced cancer  has  a 
pecul iar  delayed pat tern of onset and that the ra te  of onset af ter  the long delay 
i s  a very  rapidly r is ing function. Such onset cannot be explained on the bas is  
of single mutations induced by radiation. One may assume a working hypothesis 
that the cel lular  aspect  of radiation tumorigenesis in i t s  general  fea tures  follows 
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Fig. 1. Budding times of normal diploid Saccharomyces 
cerevisiae (top) and of the progeny of a cell irradiated 
by 20,000 roentgens (bottom). Small circles indicate 
that the particular cell has not gone on to divide further.  



Fig. 2 .  Yeast colonies from single irradiated cells. (See text. ) 



the pat tern of injury and recovery in unicellular organis'ms such a s  the yeast  
cell .  Thus, sublethal genetic injury to somatic cel ls  may lead to impaired 
reproduction and function of the cel ls  and, in some instances,  of the organ 

. 

they represent .  These ce l l s  a r e  not necessar i ly  eliminated f rom the t issue,  
but produce progeny, forming small .  islands of cel ls  with. subnormal activity. 
As the number of such. progeny inc reases ,  they form lesions that may 'be  in- 
dentical with.what i s  now known a s  a precancerous lesion in many types of 
cancer .  Each of the ce l l s  in the group has  a chance to recover  via genetic 
rear rangements ,  that i s ,  regrouping of chromosome p a r t s  by c rossover ,  p a r -  
t ial  o r  full increase  of ploidy, and pkrhaps other rear rangements .  The r e -  
covery may occur in.  s teps,  and because. i t  i s  a random process ,  may re su l t  
in new, vigorously growing cel ls  that differ in their  detailed biochemical prop-  
e r t i e s  fr'om the mother cell ,  thus becoming abnormal.  I;Iormonal feedback 
may enter  this mechanism of tumor.igenesis, since the i r rad ia ted  t issue will '  
have subnormal activity, which.elicits increased hormonal stimulation in the 
period of postirradiation recovery,  In F ig .  :3 I Have plotted the paral le l ism 
between yeast  cell  recovery and carcinogenesis in the s implest  case ,  a one- 
step recovery p rocess ,  for  which. the r a t e  of recovery i s  proportional to the 
number of progeny present  at  a given t ime f rom a given i r radiated mother 
cell .  

The ideas presented he re  provide a f ramework  for detailed investiga- 
tibn of carcinogenic mechanism. . They give plausible clues for  explaining why 
sublethal doses of r.adiation a r e  more  effective for carcinogene,sis than a single 
heavy dose; a grea ter  number of viable subnormally active ce l l s  resu l t  f rom 
the fo rmer .  A study of such cel ls  may a lso  be useful in a r r i v i n g ' a t ' a  qua1ita.- 
tive understanding of the action of chemical carcinogens.  .However ,  such 

. studies should be pursued with the full realization that induction of tumors  by 
radiation has., in .  some instances,  been shown to have complicated dependence 
on humoral  mechanisms and i r radiat ion of another pa r t  of the body ( e .  g. , see  
Ref.  11). 

. Depression of cell  division r a t e  in yeast  ce l l s  goes along with. var i -  
ous fo rms  of depression of aerobic metabolism. This aspect  of the problem 
and i t s  relation to carcinogenesis has  been under study,for many yea r s  by 
Lacassagne and co-workers8 and Maisin -- e t . a l . 9  In view of the many years of 
effort of the Warbupg school, Ill there  is very  l i t t le doubt that there i s  a shift 
toward anaerobic metabolism in cancer .  On the other hand, recent  demon- 
s t rat ions of abnormal chromosomes and abnormally l a rge  chromosome num- 
b e r s  a lso add to the view that carcinogenesis has  both cytoplasmic and nuclear 
aspects .  Yeast ce l l s ,  with. their well-known cytochrome ,system and excellent 
genetics, a r e  ve ry  fine organisms for  basic  studies of these relationships.  
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Fig.  3 .  Para l le l i sm betwen (a)  radiation .effect, on diploid yeast  
cel ls  followed by recove,ry, and (b)  possible development of 
cancerous lesions in ani'mals. 
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