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medium and could be classified as either normal or transformed. 

In a few cases, colonies were observed which could not be classified. 

It is not known whether these are normal cell mutants selected by 

the agar or transformed cells with an unusual morphology. 

The results clearly show that the transforming ability of TS-a 

is inhibited under the conditions of the high temperature incubation 

when compared to those of the "shift up" incubation. In other experi­

ments, it was found that the transforming ability of PY is similar 

under the conditions of both the high temperature and "shift up" 

incubations; the difference in the number of transformed colonies 

formed under the conditions of the two incubations was less than a 

factor of two. 

2) "Shift down" Incubation 

The data are reported in the fourth column of Table 7. 

Under this incubation condition, a background of three colonies per 

dish was observed by macroscopic examination of the dishes of 

uninfected cells. All the colonies ·arising on all the dishes were 

picked from the agar and replated in fluid medium at 31. 5°C. Only 

about 35% of these replated colonies could be classified as either 

normal or transformed. Some of the colonies did not stick to the 

dish on replating. In some of the colonies that stuck, the cells did 

not migrate out of the colony; in others the cells migrated but did 

not divide. Nonclassifiable colonies were observed in approximately 

the same frequency from the uninfected and infected sets of dishes. 

Therefore, it is most likely that, for the most part, these non­

classifiable colonies were derived from normal cells. But since 

this was not shown to be the case, the results presented in Table 7 

can only be taken as a lower limit of the transformation under the 



75 

"shift up" incubating conditions. If one assumes that transformation 

among the nonc.lassifiable colonies is in the same proportion as it is 

among the classifiable colonies, or even if all the nonclassifiable 

colonies · are transformed, it is still found that transformation is 

greatly inhibited compared with the amounts of transformation 

obtained in cells kept at the low temperature of "shift up" incubations. 

3) Low Temperature fucubation 

The data are reported in the fifth column of Table 7. By 

macroscopic examination, there were about 60 to 80 normal colonies 

per dish of cells kept at the low temperature incubation. This high 

background hampered any accurate count of the transformed colonies. 

An estimate of the general number of transformed colonies was made 

by plating out the whole top agar from 6 to 8 dishes of each virus 

concentration in fluid medium at 31. 5°C as described in Materials 

and Methods. 

Since it is not known to what effect the errors involved in 

plating out the whole top agar affected the true number of the trans­

formed colonies, the results presented in Table 7 for the low temper­

ature incubation can only be taken as approximate. 

The validity of these data, however, are shown by the 

presence of transformed colonies when the cells were infected by 

one PFU per cell: since at this input multiplicity not more than one 

transformed colony was recognized per original dish, the number 

cannot be an overestimate • . 

Since the numbers obtained at the various input multiplicities 

show the same general relationship to each other as those obtained 

in the "shift up" experiment, it seems that the dose response to the 



76 

virus is similar in the two cases. However, the considerable 

similarity between the absolute numbers shown by Table 7 may 

be spurious. 

B. Transformation in Vivo 

In a preliminary experiment to test the tumour-producing 

ability of the mutant, five three-day old hamsters were inoculated 

subcutaneously with 106 PFU of TS-a. All five animals developed 

subcutaneous fibrosarcomas about the site of inoculation 40 to 90 

days after · inoculation. No tumours were found associated with the 

internal areas of the body. A hemagglutination inhibition titer(B3)~f 
1280 was detected in the sera of one of the tumour- bearing animals 

(the only animal so tested) 90 days after inoculation. Usually the 

wild type (PY) when inoculated under similar conditions causes 

anGiomatous tumours of the liver and lungs and tumours of the 

internal organs predominantly in · the kidneys and heart. 

In order to test whether the tumours induced by TS-a were 

truly restricted to the subcutaneous site, possibly due to the lower 

. temperature in this area, the experiment was repeated on a larger 

scale, using different routes of inoculation. One to three-day old 

hamsters were inoculated either subcutaneously or interperitoneally 

with either 9 x 106 PFU of TS-a or 2. 7 x 10 
7 

PFu of PY and observed 

for 70 days. 

The results of this experiment are presented in Table 8. All 

the animals inoculated with PY, either through the SQ or IP route, 

died from the rupture of angiomatous tumours of the . liver or lungs 

between 12 to 40 days after infection. Very few of the TS-a inoculated 

animals died as a direct effect of the virus but were sacrificed when 
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TABLE 8 

Production of Tumours in Hamsters 

Total Number Number of Animals With: 

Inoculation of Animals No Subcutaneous Internal 
Virus . Route Inoculated Tumours Tumours Tumours 

TS-a SQ 19 0 19 3 

TS- a IP 15 5 8 5 

PY SQ 16 0 1 16 

PY IP 13 0 2 13 

The total number of tumours at the different sites for each type of 

inoculation adds up to more animals than were inoculated since 

some animals had tumours at more than one site. 

·, 
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their tumours became too burdensome or at the end of the experiment. 

Except for some PY- infected animals that were lost previous to the 

16th day after inoculation, all had, in addition to the angiomatous 

tumours, macroscopic tumours of the internal organs mainly in the 

heart and kidneys. Subcutaneous tumours were only detected in those 

PY animals which survived for the longest time. On the contrary, 

only three (two SQ and one IP inoculated) TS-a infected animals had 

any indication of angiomatous tumours of the liver at the time of 

death. Only one TS-a infected animal had an internal tumour associ­

ated with an internal organ (heart). All the other internal tumours 

were either free or found to be loosely connected to the internal body 

wall. 

The results presented here clearly indicate that there is an 

inhibition in hamsters infected with TS-a, either by a SQ or IP route, 

of both the angiomatous tumours of the liver and lungs and the pro­

duction of tumours of the other internal organs that are found in the 

early stages of PY infection. 

C. Conclusions 

The study of the transforming ability of TS-a in vitro and 

in vivo lead to the following conclusions: 

1) TS-a is temperature sensitive in its transforming ability 
0 

at 38. 5 C. 

2) Cells transformed by TS-a at 31. 5°C can retain their 

transformed characteristics upon cultivation at 38. 5°C. 
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3) The inhibition of the transforming ability of TS-a cannot 

be reversed, at least for the most part, by tr an sf erring the infected 

cells to 31. 5°C after they have been incubated for 2 days at 38. 5°c. 

4) TS-a is inhibited in its ability to form tumours of the 

internal organs of newborn hamsters. 
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DISCUSSION 

A. The Cytolytic Virus Cell Interaction with the TS-a Mutant 

The results presented here show that the inhibition of the 

production of infectious virus particles by TS-a infected mouse 

cells, at 38. 5°C, is due to the temperature sensitivity of some 

intracellular process during the viral growth cycle as opposed to 

the heat !ability of a constituent of the mature virus particle 

produced at 31. 5°C. 

Concerning the consequence of the temperature sensitive 

function the most direct result of the reported experiments, is 

that the formation of infectious viral DNA is inhibited in TS-a 

infected cells incubated at 38. 5°C. The exact nature of the function 

is not known; a number of processes important for the production 

of infectious viral DNA could be temperature sensitive. The 

following pr·ocesses could be involved: 1) the ability of the input 

DNA to reach or attach to the intracellular site where it synthesizes 

new viral DNA molecules; 2) the act of synthesis of new viral DNA 

molecules; this could be inhibited owing to the temperature 

sensitivity of the production or activity of a DNA synthesizing 

enzyme specified by a viral gene ; 3) the process needed to confer 

biological activity to these molecules, for example, by means of 

methylation or ring closure. 

The notion that the temperature sensitive step is involved in 

the synthesis of infectious viral DNA is also strengthened by its 

timing. Gershon and Sachs(33hetected the first increase in the 

production of infectious polyoma DNA in infected mouse embryo 

cells, incubated at 37°C, at approximately half way through the 
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eclipse period. The temperature sensitive step, as measured by 

the shift up experiment (Figure 7A), also begins to become com­

pleted at about half way the length of the eclipse period at 31. 5°C. 

It seems that relative timing in terms of fractions of the eclipse 

period are meaningful for comparing the viral growth cycle at 

different temperatures, because the multiplication of the viral 

DNA follows a similar time course at 31. 5°C and 38. 5°C (Table 5), 

if referred to such a relative timing. On this basis the time of the 

temperature sensitive step as measured by the shift up experiment, 

would correspond to the time of synthesis of infectious viral DNA 

as determined by Gershon and Sachs <33). The result of the shift 

down experiment, on the contrary, (Figure 7B) indicates that the 

temperature sensitive step occurs at about the end of the eclipse 

period; it is likely, however, that this is an overestimate of the 

time of the step, owing to one of the reasons suggested in section F 

. of Part ill. 

So far the effects of the TS-a mutation on the synthesis of the 

infectious viral DNA have been considered. The synthesis of 

competent viral DNA, ie. , able to be transcribed into messenger 

RNA, appears also to be inhibited at 38. 5°C , since in cells infected 

by the mutant at low multiplicity there is little synthesis of viral 

protein. It is interesting, however, that under these conditions the 

ratio infectious to hemagglutinating titer of the viral progeny is 

smaller than normal, indicating the formation of non-infectious virus 

particles. These findings can be explained as the consequence of 

the inhibition of the multiplication of viral DNA competent as a 

template for the production of messenger RNA of the capsid protein, 

on the basis of two assumptions: 1. the amount of capsid protein 

ultimately made in a cell depends on the number of biologically 
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competent viral DNA molecules; 2. the capsid subunits once 

formed can assemble into the viral protein coat with or without 

a viral DNA core. The hypothesis is made that a high yield of 

capsids is formed either if the biologically competent viral DNA 

is replicated, as in normal polyoma virus infection, or, in the 

absence of DNA replication, if the cell is supplied by infection 

with a very large number of biologically competent viral DNA 

molecules. This hypothesis finds support in two recent known 

results: 1. Sheinin (34) observed the production of large amounts 

of non DNA containing capsids after the infection of mouse embryo 

cells with very large amounts of polyoma virus (1000 PFU/cell) in 

the presence of FUDR, which is a potent inhibitor of DNA synthesis. 

2. Weigle(92) observed that the late protein produced in cells 

infected by bacteriophage A. in the absence of DNA synthesis is 

more abundant after infection at high than at low multiplicities. 

Under this hypothesis the production of capsids in cells 

infected by TS-a at 38. 5°C at low multiplicity is specified by 

molecules of biologically competent viral DNA introduced into the 

cells by the inoculum. The non-infectious capsids produced under 

these conditions have not yet been analysed to see whether they 

contain viral DNA. If they don't, it is likely that the production 

of any type of TS-a DNA is inhibited at 38. 5°C. 

These considerations do not apply to cells infected by TS-a 

at high multiplicity of infection, where a characteristic of the 

mutant, not discussed so far, becomes prominent. This charac­

teristic is the leaky nature of the mutation. 

Leakiness is suggested by a strong multiplicity effect on the 

yield of TS-a at 38. 5°C where the ratio: yield of infectious TS-a 

to yield of PY increases from 10-3 to aim~st unity when the input 
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multiplicity varies from 0. 1 to 100 PFU /cell. This phenomenon 

could be explained by two different hypotheses. 

The first hypothesis is based on four assumptions: 1. the 

function of the mutated gene is needed for the synthesis of a 

biologically active viral DNA; 2. the function itself is quanti­

tatively dependent on the number of biologically active DNA 

molecules present; · 3. the maximum amount of virus produced 

per cell is governed by some other factor which is multiplicity 

independent; 4. the expression of the function at 38. 5°C is quite 

efficient for molecules of PY DNA, but very inefficient for 

molecules of TS-a DNA. 

Thus, in a PY infected cell at 38. 5°C the function and the 

production of biologically active viral DNA continue until the 

maximum amount of virus that can be produced per cell is made. 

Infection of a cell with one or many virus particles will result in 

the same maximum amount of virus, although the rate at which the 

function is performed may be faster in the cells infected with many 

virus particles. In TS-a infected cells incubated at 38. 5°C the 

function is temperature sensitive and is performed with a very low 

efficiency so that few biologically active DNA molecules are 

produced under conditions of single infection, before all viral 

synthesis ceases. Increasing the input multiplicity affords the 

cell more biologically active viral DNA molecules and thus 

relatively more function before viral synthesis stops. Finally, 

at 100 PFU/cell a full yield of infectious TS-a is produced at 38. 5°C 

before viral synthesis is shut off. 

The second hypothesis is that at 38. 5°C every particle of TS-a 

virus has a constant, but small probability to cause a normal virus 

cell interaction with the production of a normal yield of infectious 
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mutant virus; the other TS-a virus cell interactions produce little 

or no virus. As the input multiplicity is increased, more and more 

cells undergo the rare event until finally at 100 PFU /cell every 

susceptible cell would do so and a normal yield of TS-a would be 

produced. 

An analysis of the distribution of virus from single cells at 

different input multiplicities would differentiate between these two 

hypotheses. .Under the first hypothesis all the infected cells would 

give low yields of virus; the yield per cell would increase as the 

input multiplicity increases. Under the second hypothesis all the 

cells producing virus would give ma.ximual yields and the number 

of virus yielding cells would increase with increased input 

multiplicities. 

The leakiness of the TS-a mutation affects the previous 

discussion of the synthesis of TS-a capsid protein: it explains 

why a large excess of non-infectious capsids is not produced at 

high multiplicities. If there were no leakage, a full yield of hem­

agglutinin, all non-infectious, would be produced at high multiplici-

ties; the large · number of biologically competent DNA 

molecules introduced into the cell by the innoculum would allow 

synthesis of capsid protein at a high rate. Owing to leakage, 

however, a full yield of infectious TS-a virus is produced under 

these conditions. At low multiplicities competent viral DNA 

molecules are still brought into the cells by the innoculum, although 

in smaller number. Since leakage is multiplicity dependent, it is 

minimal at these multiplicities; little infectious DNA is made and 

a noticeable excess of non- infectious hemagglutinin can be produced. 

Under these conditions of low multiplicity there are not enough 

competent viral DNA molecules afforded the cell by the input to 
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produce a full yield of capsid protein; the total amount of 

hemagglutinin is inhibited. 

B. Transformation by the TS-a Mutant 

The results presented here show that TS-a is also temperature 

sensitive in its transforming ability. It appears that after completion 

of the temperature-sensitive step at one temperature (either 31. 5°C 

or 38. 5°C) the effect on the transformation produced, at least for 

the most part, cannot be reversed by then shifting the infected cells 

to the other temperature. The temperature- sensitive gene involved 

in TS-a is needed for the initiation of the transformed state, but not 

necessarily for the maintenance of this state. This is true since the 
0 

cells transformed at 31. 5 C , retain their transformed characteristics 

upon cultivation at 38. 5°C. 

Because of technical difficulties involved in determining the 

transformation rate at the low temperature, the exact degree of 

inhibition of transformation caused by the temperature- sensitive 

gene at 38. 5°C is not known. At 1000 PFU/cell there is a 100-fold 

decrease in the production of transformed colonies in infected cells 

kept at the high temperature for the whole incubation period, 

compared to cells exposed to the "shift up" incubation. Since in 

the "shift up" incubation the infected cells were kept at 31. 5°C for 

only four days, the inhibition factor created by high temperature 

at 1000 PFU/cell may even be greater than 100-fold. It is not known 

whether the transformation produced at 38. 5°C is due to leakage, 

revertants or is a consequence of just the initial virus input. 

It is interesting to remark that the trcuisformation caused by 

this mutant in the "shift up" incubation . has Similar quantitative 
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characteristics to that caused by a non-temperature sensitive 

strain of polyoma virus at 37°C <44, 45t it has a similar efficiency 

of transformation and do~e. r.esponse c-µrye. 

TS-a also appears to be temperature sensitive in the animal. 

One could postulate that transformation more readily takes place 

at the subcutaneous site because of the lower temperature of this 

area compared with the internal organs. The increased resistance 

to the neoplastic effect of the virus when inoculated by the IP route 

(30% of the animals inoculated by this route had no detectable 

tumours) might be due to the slower growth of the virus at the higher 

internal temperature, allowing the immunological mechanisms of 

the animal to fight off the oncogen.ic response. 

It is most reasonable to assume that the same viral function 

is affected by high temperature in TS-a infected mouse and hamster 

cells. This similarity has a practical consequence for a problem 

which is usually not adequately answered; whether unquestionably ,. 

the transformation by polyoma virus is caused by the same agent 

that causes the cytocidal effect. This question arises since the 

efficiency of transformation of hamster cells in: terms of virus PFU 

is very low (on the average it takes about 104 PFU to induce one 

transformation event). The fact that the same mutant confers 

temperature sensitivity to both effects shows that they are caused 

by the same agent. 

C. Relevance of the Results of this Work to the Hypotheses of 

Viral Carcinogenesis 

The correlation of the failure to synthesize biologically active 

viral DNA and the failure to cause transformation by the TS-a . 

mutant under nonpermissive conditions does not discriminate 
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between the two hypotheses of viral carcinogenesis presented in the 

introduction. Under the "persistence of viral genetic information" 

hypothesis the synthesis of biologically active DNA would be useful 

for transformation, since the chance of an integration event would 

increase with the number of active DNA molecules present in the 

cell. Once integrated the viral DNA would be under the control of 

host mechanisms and would no longer depend on the temperature 

sensitive function of TS-a. fu this respect the TS-a transformed 

cells resemble the E. Coli cells carrying the temperature sensitive 

sex factor; this sex factor is sensitive to high temperature when 

replicating autonomously, but insensitive when incorporated in the 

host chromosome (86). 

Under the "transient action of the virus" hypothesis the 

stability at 38. 5°C of cells transformed by TS-a at 31. 5°C is 

explainable since the agent causing the transformation is no longer 

needed after the transformation event has occurred. 

D. Conclusion 

This thesis is primarily an introduction into the study of 

temperature sensitive mutants of polyoma virus. The temperature 

sensitive function of the mutant investigated here was found to be 

important both for the production of biologically active DNA in the 

cytolytic virus cell interaction and for the initiation, but not the 

maintenance of the polyoma induced transformed state. The 

isolation and analysis of other temperature sensitive mutants of this 

virus may be very helpful for identifying the viral functions 

concerned with the process of neoplastic transformation, and may 

thus provide a new approach for increasing our knowledge of the 
mechanisms of viral mediated carcinogenesis. 
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