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ABSTRACT

The cytolytic interaction of Polyoma virus with mouse embryo cells
has been studied by radiobiological methods known to distinguish tem-
perate from virulent bacteriophage. No evidence for "temperate' proper-
ties of Polyoma was found. During the course of these studies, it was
observed that the curve of inactivation of Polyoma virus by ultraviolet
lignt had two compcnents - a more sensitive one at low doses, and a
less sensitive one at higher doses. Virus which survives a low dose
has an eclipse period similar to that of unirradiated virus, while
virus surviving higher doses shows a significantly longer eclipse period.
If Puromycin is present during the early part of the eclipse period,
the survival curve becomes a single exponential with the sensitivity
of the less sensitive component. These results suggest a repair mech-
anism in mouse cells which operates more effectively if virus development

is delayed.

A comparison of the rates of inactivation of the cytolytic and
transforming sgbilities of Pélyoma by ultraviolet light, X-rays, nitrous
acid treatment, or the decay of incorporated PSE, showed that the trans-
forming ability has a target size rougnly 60% of that of the plaque-
forming ability. It is thus concluded that only a fraction of the viral

genes are necessary for causing transformation.
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The appearance of virus-specific RNA in productively infected
mouse kidney cells has been followed by means of hybridization between
pulse-labelled RNA from the infected cells and the purified virus DNA.
The results show a sharp increase in the amount of virus-specific RNA
around the time of virus DNA synthesis., The presence of a small amount
of virus-specific RNA in virus-free transformed cells has also been
shown. This result offers strong evidence for the persistence of at

least part of the viral gename in transformed cells.
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1
GENERAL INTRODUCTICN

The phenomenon of virus-induced neoplestic transformation of

animal cells in culture (referred to hereafter simply as transformation)

‘has become the object of an increased amount of attention and inves-
tigation in recent years. The term "transformation' is broadly used
to describe the acquisition of certain heritable characteristics
referring both to cellular morphology and, more frequently, to patterns
of cell growth and interaction - specifically, multilayered and criss-
cross growth pattern, and loss of contact inhibition(l). Cells trans-
formed in vitro by viruses have been siown to give rise to tumors when
injected into animals, and primary virus-induced tumors transplanted
into culture show growth properties similar to those of transformed
cells. On the basic of such observations, transformation is generally
regarded as the in vitro counterpart of tumor-induction.

Significant progress in understanding this phenomenon has been
made during the last few years, due in part to improvements in tech-
niques Tor studying virus-cell interactions in tissue culture, and also
to rapidly exrvanding knowledge in fundamentally related fields, such as
biochemistry, physiological phage genetics, etc. Studies of two viruses
in particular have been fruitful in defining the possible roles of
virus in transformation. One is the Rous Sarcoma Virus (RSV), repre-
sentative of the group of RNA-containing Avian leukosis Viruses(g), and

the other is polyoma virus (Py), a member of a group of small DNA-con-

taining Mammalian tumor viruses which also includes rabbit papilloma
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virus, human warts virus, and SV-40 virus. A brief description and
surmary of the important findings with these two viruses will be given,
followed by an explanation of the plan of the thesis and the purposes

behind the experiments.

A. Results with Rous Sarcoma Virus

Particles of RSV are roughly spherical, about 100 my in diameter,

(3,4)

and contain protein and lipid in addition to RNA Release of

virus from infected fowl cells in culture occurs continuously and without

(5)

associated cell death Wnen infected at high multiplicity, most or

(6)

all of the cells become transformed and release virus; however, at

- low rmultiplicities of infection, non-virus-producing transformed cells
can be isolated. The production of RSV in transformed cells is linked
to the presence of "helper” virus normally present in RSV stocks. The
helper virus can be any of several viruses in the Avian leukosis group.
Non-virus-producing transformed cells, grown for many cell generations,
can be made to release RSV by reinfection with one of the helper viruses.
The antigenic specificity of the RSV thus produced is the same as that

of the helper virus(7’6’9’LO).

These findings have shown that RSV is a
defective virus, altered in some late function involved in the synthesis
of the protein coat, and that the defective genome persists in the trans-
formed cells. Furthermore, a direct role of the RSV genome in determin-
ing properties of the transformed cells is shown by the fact that dif-
Terent virus mutants induce different morphological types of transformed

11).

cells(



B. Results with Polycma Virus

(12)

Py is a small icosahedaral virus, approximately 43 my in diameter 5

and consists of protein and a double-stranded circular DNA of molecular

6 (13,14)

weight 3 x 10 The virus is capable of inducing & wide variety

(15)

of tumors in rodents

(16,17)

Both the cytolytic interaction with embryonic

and the non-cytolytic (transformation) interaction
(18,19) (20,21)

mouse cells

with hamster cells can be cbtained with the viral DNA alone

The effeciency of the virus for transformation is low, roughly lO“141 of
that for plaque formation. In addition, a maximum of only a few

per cent of infected cells became transformed after a single exposure

(22)

to a high concentration of virus %
Efforts to induce the development of infectious virus from trans-

formed cells by a variety of treatments known to induce the development

(23,24)

of prophage nave given only nezative results Attempts to

detect viral nucleic acid by hybridization techniques have so far not

o . L95.56) o ) o s B
been entirely conclu31ve( Py This point will be discussed further

in Part III of this thesis.

Presumptive evidence for the presence of at least a part of the
viral genome in transformed cells has been cbtained by the demonstration
of new antigens - a specific tumor or transplantation antigen, pre-
sumably on the cell surface, which is responsible for the rejection of

(27,28)

transplanted cells by virus-immunized animals , and an aonparently

(29)

virus-specific complement-fixing antigen These two antigens are
distinct and unrelated to the capsid protein of the virus. There is

no conclusive evidence for these antigens being specified by viral
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genes - with the possible exception of the finding of a strain of Py
which causes the induction of a tumor antigen with altered specificity
Attempts to "rescue'" viral genetic markers from transformed cells
by superinfection have been reported. Although negative results were

(31)

.obtained using plaque-size mutations as markers , positive results

were obtained with the strains of virus differing in specificity of
the transplantation antigen induced(32)~
Evidence concerning the specific nature of viral functions is
limited; however, two observations should be notea: l) Stimulation
of the synthesis of enzymes of the LINA pathway together with a de-
repression of cellular DNA synthesis during the cytolytic interaction
of Py with mewse kidney seils bas Heen reporked o, and 8) the fso-
lation and characterization of a temperature-sensitive mutant of Py
has been reported(3u); although the precise nature of the sensitive
step is unknown, it appears to be necessary for the initiation, but not
the maintenance, of transformation.
In conclusion, the following well-established facts must be taken
into account in the formulation of any model of transformation by Py:
1. The amount of genetic material carried by the virus is small,
perhaps S to 7 genes.
2. DNo infectious virus, or infectious DNA, or capsid protein
can be found or induced in transformed cells.

3. New virus-related antigens are found associated with trans-

formed cells.

(30)



C. Outlimr of the thesis

The experiments described in thies thesis, on both the cytolytic
and transforming interactions of Py in tissue culture, encompass two
basic experimental approaches - radiobiological and biochemical. The
results are presented in three Parts, organized'around the experimental
methods - the first two radiobiological, and the last biochemical. In
the fourth part a summary of results is given along with general con-
clusions concerning the possible significance of some of the results
in clarifying the role of Py in transformation. A brief introduction
and statement of purpose for the first three Parts follow.

l. Part I is a radiobiological study of the cytolytic interaction
of Py with mouse embryo cells. The experiments were suggested by the
analogy between transformed cells and lysogenic bacteria. Although

‘esults of induction

(54

this analogy seemed unlikely from the regative

(23,2k4)

experiments , the possipility remaine« open that Py could establish
itself in the transformed cell as a non-inducible or defective provirus.
In this case, little would be gained by continuing with similar experi-
ments on the transformed cells themselves. However, the hypothesis could
still be examined, although indirectly, by studying the cytolytic inter-
action, since radiobiological methods have been able to differentiate
temperate from virulent bacteriophage in their lytic interactions(35)-

A study of Py's cytolytic interaction was therefore undertaken as part

of the more general question of whether tumor viruses could be dis-

tinguished in their cytolytic interaction by properties similar to

those of temperate phage.
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2. Part II is a study of the inactivations of the cytolytic and

transforming abilities of Py by ultraviolet light, X-rays, nitrous

acid and decay of incorporated P”°., Since the rate of inactivation of

viruses by radiation (and other agents) can be correlated under certain
circumstances with the amount of genetic material of the virus(36), i Ig =
seemed reasonable to ask whether the participation or "genetic contri-
bution” of Py in the two interactions could be distinguisned experi-
mentally in this way. The establishment of an improved gquantitative
assay for transformation, based on the enhanced ability of transformed
cell to grow in agar compared to that of normal cells(37), made it
feasible to answer this question.

3. Part III descrives the results of experiments designed to
test for virus-specific RNA in both productively infected and trans-
formed cells using nucleic acid hybridization. Various modifications
of this general technique have already veen used successfully to study

homology between phage » and E. coli(JU)

(39)

and the synthesis of phage-
specific RNA in infected bacteria Several problems with regard
to Py seem potentielly open to examination by this approach - e.g., the
question of the presence ol viral INA or RNA in transformed cells, the
specificity of transcription of viral DNA during virus development,

and comparisons by way of "competition” experimentis between cytolytic

and possible viral transforming RNA. In the experiments reported in

Part III, the examination of some of the initial questions is begun.
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A Radiobiological Study of the Polyoma Virus-Mouse Eubryo

= . .
Cell Interaction’

Running Title: Rediobiology of Polyoma

Thomas L. Benjamin
Division of Biology, California Institute of Technology,

Pasadena, California

SUMMARY

The curve of inactivation of Polyoma Virus by ulitraviolet light
snows two components--a more sensitive one st low doses and a less
sensitive one at nigher doses. Virus which survives a low dose,
corresponding to the more sensitive camponent, has an eclipse period
nearly the same as that of unirradiated virus, while virus surviving a
nigher dose, corresponding to the less sensitive camponent, shows a
significantly longer eclipse period. If Purcomycin is present during the
early phase of virus development, the survival curve becomes a single
exponential with the sensitivity of the less sensitive component. These
results suggest a host cell repair mechanism in mouse embryo cells which
operates more effectively when virus development is delayed.

Experiments were conducted to determine if Polyoma exhivits radio-

biological properties analogous to those previously described for

1. Supported by U.S. Public Health Service Training Grant (5TI-G4-86).

2. Abbreviations used: Py - Polyoma Virus, HSV - Herpes Simplex Virus,
ME - mouse embryo, UV - ultraviolet lignt, HCR - host cell repair.
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temperate bacteriophage. For comparison with a virulent virus, parallel
experiments were carried out with Herpes Simplex Virus. The resulis

failed to reveal "temperate' properties of Polyoma.

INTRODUCTION

The radiobiological behavior of temperate and virulent bacteriophage
has been studied extensively, and the results summarized and discussed by
Stent (18). In brief, temperate phage such as A and P22 are characterized
by & low intrinsic UV sensitivity (i.e., the ratio of the rate of inactiva-
tion to the DNA content) and a high sensitivity of the capacity of the
hcst cell to support virus growth, while the opposite i1s true for virulent
phage such as T2 and T4. Although the reasons are not completely under-
stood, the properties of phage-bacterial systems revealed by these studies
may be a reflection of the basic difference between the two kinds of
viruses--namely, the ability of temperate prage to enter into a stable
relgtionship with its host and the absence of that avility in virulent
phage.

Similar studies have been carried out in the case of RilA-containing
animal viruses--Rous Sarcoma Virus (11,12) which produces tumors, and
measles virus (1) which does not produce tumors. Both viruses exhibited
some "temperate' properties when compared with another virus studied in
the same cell system--lewcastle Disease Virus in the former case, and
poliomyelitis virus in the latter. The relevance of the temperate phage
analogy to the RWA viruses is, however, not clear. In the present
investigation, this kind of analysis is extenc.:d to ILIA-containing

viruses. Herpes Simplex Virus (HSV) is used as a comparison for
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Polyoma (Py). Both viruses have a lytic interaction with mouse embryo
(ME) fibroblasts. 2Py is synthesized in ihe nucleus, as is the nucleo-
capsid of HSV. Wnile Py is known to cause tumors and has & non-cytocidal
interaction with certain cells in vitro (19,21), HSV is known only as a
cytopathic virus. The comperative study of these two viruses thus gffords
an opportunity to determine whether the radiobiological behavior of a
known oncogenic virus in its cytolytic interaction might reflect in some

way its oncogenic potential.

MATERIALS AND METHOLS

Virus preparacions. Stocks of eitner the large or small plaque

variety of Py were prepared from baby mouse kidney cultures according
- 3 -} J £ s - ey ma< 3 } "8 9
to the method of Winocour (25). Titers ranged from 4 x 10 - 1 x 10
pfu/ml. When necessary, furtner concentration and purification were
obtained by centrifugation and CsCl density gradient fractionation (25).
The MP-strain of HSV was obtained tnrough the courtesy of Dr. Bernard
Roizman of the Department of Microviology, University of Chicago. The
virus, previously grown on Hep-2 cells, was adapted to grow on mouse
embryo culiures by repeated passage. Crude lysates containing

I 6 . _ L . i
5 x 10 -~ 5x 10 pfu/m; were oObtained by sonication of infected cells
and elimination of cell debris by low speed centrifugation. Virus

stocks were stored at -T70°C.

irus assays. Plague assays for Py were carried out on mouse

embryo secondary monolayers as previously descrived (5). HSV assays

were performed on the same cells under similar conditions. Virus in
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0.1 ml volume was adsorbed to the monolayers at 37°C for 2-1/2 hours.
The cultures were then overlaid with 7 ml of reinforced Eagle's medium
containing 0.9% agar and 5% calf serum. Plaques were counted on the
3rd or kth day.

Infectivity assay of Py DilA. Infective INA of Polyoma, prepared by

phenol extraction of density gradient-purified virus, was assayed accor-
ding to the procedure of Weil (23).

Irradiations.

A. Ultraviolet. A 15-watti "germicidal' lamp (Westinghouse

G15T8) housed in an open-end rectangular metal box was used as a source of
UV. Most of the UV energy is emitted as the 2537 X line or Mercury. A
constant dose rate was assured by feeding the lamp through a "Sola’
voltage stabilizer and allowing the lamp to warm up for 15 minutes before
use. The effective output of the lamp was calibrated using the inactiva-
tion of bacteriophage T2 as a standard. T2 lethal doses given below
refer to the survival in the absence of photoreactivation.

Virus was diluted in a Tris-salt buifer containing 0.05%
caif serum. 0.2 ml of virus suspension was placed on a watch glass at a
distance of 10 cm from the rim of the lamp housing. The optical density
and sample thickness were such as to allow a transmittance at 260 mu
equal to or greater than 96%. Irradiations were carried out for various
times as indicated. The lethal dose (37% survival) for T2 under these
conditions was 0.9 seconds.

Cells were irradiated as monolayers in plastic petri

dishes 6 cm in diameter containing 2 cc of Tris-salt buffer with 0.05%
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calf serum. The distance was 30 cm from the rim; the T2 lethal dose was

2 seconds.
B. X-irracdiation. A 250 KV Vestinghause Industrial X-ray Unit
with the beam filtered through 1 mm of Aluminun was used in all experiments.

For irradiation of virus, the unit was operated at 220 KV and 12 milliamps.

The virus was suspended in Tris-salt buffer with 5% calf serum, which
6 hiclk déaree il

i
-

afforded .‘rffotection against indirect efrfects. The dose rate
under these conditions was estimated at 3, 250 roentgens per minute by
T2 inactivation, using a lethal dose of 40,000 roentgens (22).

Cells were irradiated either as monolayers or in suspension
(in Tris-salt buffer, 5% calf serum) with 220 XKV X-rays at dose rates
ranging from 100-1000 roentgens per minute. The rates were measured
prior to exposure of the cells by a Victoreen Rate Meter with the probe
placed in the same position and exposed st the same milliamperage as the

cells.

Measurenents of clone formstion and capacity. Measurements of the

I

cloning efficiency of either UV- or X-irradiated cells were made by
trypsinizing the cells immediately after irradiation, washing, and
resuspending in fresh medium containing 10% foetal bovine serum.
Appropriate dilutions of the cell suspensions were plated on plastic
petri dishes in liquid medium. After allowing the cells to settle and
attach to the pliate, the liquid was removed and replaced by the same
nutrient medium containing 0.5% agar. Clones were counted macroscopically
10-15 days later.

Two methods were used to measure the capacity of irradiated cells

to support the growth of virus. In the first or direct method,
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monolayers of Mc cells were irradiated as described and infected
immediately. At the higher doses, there was considerable rounding up
and loss of cells from the monolayer; therefore, a compensating amount
of unirradiated cells was added four hours after the end of virus
adsorption. The plates were then overlaid with agar. In the secondl
method, the capacities were measured by replating of infective centers
on unirradiated monolayers. The infected, irradiated cells were
trypsinized four hours after the end of virus adsorption, washed and
replated. In both methods the ability of irradiated, infected cells
10 give rise to at least one infective virus particle is measured. In
the direct method, however, a potential artifact could arise from
infection of the newly added cells by residual virus wpich had not
adsorbed 1o the irradiated cells and was not wasned out. Thus the
capacity would appear too resistant. In the transfer of infective
center method, one might expect too sensiiive a capaciiy to result from
& selective injury or loss of irraaiated, infected cells due to the
trypsinization and centrifugation. In repeated experiments, however,
the results obtained by the two methods were in good agreement. The
second method was preferred because the same multiplicity of infection
could be used for all the points. The results reported here were

obtained by the latter method.

RESULIS AND DISCUSSION
1. Inactivations of Py and ME cell capacity by X-rays and UV.
The X-ray inactivation curve of Py is shown in Figure 1. The

shoulder was not always observed, and when present varied in number of
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nits from 1.1 to é.5. Multiple infection of single cells cannot account
for the shoulder since under conditions of the plaque assay essentially
none of the cells adsorbs more than one virus particle. The lethal dose
as measured from the straight portion of the curve i1s 205,000 rcentgens.
No appreciable effect on the hemagglutinating ability of the virus (6)
was observed from a dose of X-rays which inactivated 99.9% of the
plaque-forming ability. Since the hemagglutinating property is & function
of structures on the viral protein coat, it seems likely that inactivation
is due to ionizations in the Py DNA.¥

In Figure 2 are shown the X-ray inactivation curves for clone-forming
ability and capacity for Py multiplication of ME cells. The capacity
curve is complex and multihit, with the most sensitive portion being 60-T70
times more resistant than the clone formation.

The UV inactivation curve for Py is given in Figure 3. The curve
consists of two components--a sensitive one evident at low doses, and a
more resistant one at higher doses. The decrease in sensitivity is
roughly 1.8 relative to the initial sensitivity, and after the break
there is no further change in rate of inactivation down to & survival of
1072, Both the position of the break and the magnitude of the change

in slope varied somewhat from experiment to experiment. Also plotted in

*The lethal dose of 205,000 roentgens corresponds to an average of one
ionization per 2.7 x 1010 cm3 in material of biological composition.
This volume is approximately 7% of the volume of the virus particle
calculated assuming a sphere of L3 my diameter, as suggestied from
electron micrographs of PTA-stained particles (22). The heavily stained
inner core of empty virions has a diameter of 27.5 mu, corresponding to
an inner volume roughly 25% of that of the whole virus. The "ionization"
or "inactivation" volume thus appears to fit well into the space '
occupied by the viral DNA.



Figure 3 is the UV inactivation of Py INA, which follows closely that of
the whole virus for both first end second components. The UV sensitivity
of the virus, including the apparent decrease in sensitivity at higher
doses, 1is therefore a property of the LNA itself.

The UV inactivations of cell capacity and clone formation are
presented in Figure 4. Again, the capacity curve is multinit, with a
steep portion descending over two log units which is close to the curve
tracing the loss of clone-forming ebility. The zero dose extrapolations
of the steep portions of each of the capacity curves (Figs. 2 and h)
falls within the range of 7-10.

2. Analysis of the UV survival curve.

The appearance of the second component is peculiar to the inactivation
by UV since single exponential curves are ouserved Ifor X-ray and also
nitrous acid inactivation (2). Four possible factors could give rise to
the resistant component:

1) Genetic inhomogeneity in the virus stocxks with respect to UV
sensitivity. This possibility was ruled out by preparing stocks from
four clones (single plaques) of virus which nad survived 8 minutes of UV
irradiation and repeating the inactivation curve on each. In all four
cases, curves identical to the original one, within the normal experimen-
tal variation, were obtained.

2) Multiplicity reactivation in cells infected by two or more
UV-~damaged virus particles. Tnis possibilizty is ruled out because the
dose-response curves for virus receiving various doses &re linea}.

3) Aggregation of virus particles could give rise to changes in

slope. This appears unlikely as a factor here since the curve shows a



single, discrete change in slope. In addition, sonication of the virus
suspensions, elither before or after irradiation, did not change the shape
of the curve.

L) Some type of host cell repair mechanism (HECR) in ME cells ﬁpich
reverses some of the UV lesions in the Py Diti. Results of experiments
on phages P22 (7) and A (8) nave been discussed in terms of a repair by
recombination between the phage genome and a specific nomologous region
of the bacterial genome. Subsequent experiments with P22 and T1 (14,15,
16) brought evidence in favor of an enzymatic repair mechanism. This
view has been strengthened by the demounstration of an enzyme(s) in
bacteria capable of excising taoymine dimers from bacterial DNA aliter UV
irradiation (3,17). Repair of UV lesions of irradiated phage also occurs
in these bacteria.

Since the ability of bvacteria to perform HCR is influenced by tneir
physiological state (15,16), experiments were carried out to see whether
the physiological state of ME cells affects the survival of UV irradisted
By

As a first attempt, cells were irradiated with UV and infected with
either irradiated or unirradiated virus. The results are plotted in
Figure Sa and b as virus survival curves anda capacity curves respectively.
Regarded either way, it is evident that survivals of the virus and of the
cell capacity are independent of one another. The same is true for
X-irradiated virus plated on X-irradiated cells (Figure S5c and d). These
experiments therefore fall to provide any evidence for a UV or X-ray

sensitive HCR mechanism analogous to that described for P22 (16).
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In addition to irradiation, the following treatments had no
significant effect on the shape of the survival curve: a) starvation
of the cells in Tris-salt buffer with 2% calf serum for 6 hours before
infection; b) pretreatment of the cells for 20 nours with 0.2 y/ml
flucro-deoxyuridine in order to block DNA synihesis temporarily. After
adsorption of the virus, the monolayers were overlaid with the normal
nutrient agar medium supplemented with thymidine and deoxycytidine.
¢) preparing the ME cultures at 30°C and allowing the plaques to develop
at this temperature. Virus was adsorbed at 37°C as usual.

3. Effect of variation of the eclipse period on the UV survival
curve--possible role of HCR.

From the above.experiments it appears that the change in slope
must be related to some type of pnysioclogical neterogeneity in the
population of infected cells. A partial elucidation of the nature of
this heterogeneity comes from the following experiments, in which thne
length of the eclipse period is shown to be correlatea with the proba-
bility of survival.

It has been noted that phage surviving UV irradiation show an
extended eclipse period (7,18). To test the possibility of & growth
delaying effect of UV on Py, growth curves were determined for irradiated
and unirradiated virus (Figure 6). Two doses of UV were chosen, on the
basis of many experiments, to lie one on the more sensitive component
(2 minutes) and the other on the more resistant component (8 minutes).
The multiplicities of infection of survivors were roughly the same for

irradiated and unirradiated virus. The monolayers were washed thoroughly
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after adsorption to allow a maximum synchrony of infection. Thne eclipse
periods were measured as the time between the end of virus adsorption and
the intersection of the total virus curve with the solid line indicating
the number of virus-yielding cells. It can be seen that the eclipse
periods of lightly irradiated and unirradiated virus are similar while
that of heavily irradiated virus is 8-10 hours longer. The increased
resistance at higher doses could therefore derive from some kind of HCR
mechanism in complexes where the virus growth cycle is delayed.

To test this hypothesis, growth curves and UV inactivation curves
were determined under conditions in which the eclipse period was
artificially lengthened by inhibiting protein synthesis in infected cells
with Puromycin. The inhibitor was added to the culture fluid at a final
concentration of 20 Y/ml for a period of 3 hours. The monolayers were
then washed, trypsinized, and the cells replated as infective centers.
Two widely spaced periods during virus development were chosen for
exposure to Puromycin. The results of such & series of experiments are
presented in Figures 7, 8 and 9. Complexes exposed early during the
eclipse period, from the 3rd to 1lth hour, show a delay compared to
unexposed complexes, which is roughly egual to the duration of the
exposure in the cases of unirradiated and lightly irradiated virus,
but little or no delay in the case of heavily irradiated virus (Fig. 7).
The survival curve under these conditions is a single exponential with
slope'corresponding to the less sensitive component (Fig. g). It.
appears, therefore, that repair can occur to the same extent in low-dose
complexes as in high-dose complexes provided an early inhibition of

virus development is brought about.
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When the same exposure to Puromycin was given near the end of the
eclipse period, from the 20th to the 28th hour, a delay of roughly
25 hours resulted; and the eclipse periods of unirradiated, lightly and
heavily irradiated virus were nearly the same (Fige 8). (The initial
rise in these curves is probably related to some asynchrony of infection,
the complexes in which development started earliest being ready to
release virus already at the time of exposure to Puramycin; this should
not affect the conclusion concerning the long delay in the majority of
complexes.) No significant change in the UV survival curve is detected
under these conditions (Fig. 9). Thus it appears that the factor(s)
affecting survivael can operate only during the earlier phases of virus
development.

Finslly, when cells were irradiated with UV prior to infection, no
significant changesin the eclipse periods were observed; and, as mentioned
above, there was no change in the survival curve (Figs. 5 and 9).

These results can be understood in terms of an enzymatic HCR
mechanism in ME cells capable of repairing a certain fraction of the
UV-induced lesions in the Py DIA. The fact that repailr in low-dose
complexes occurs when Puromycin is present during the early phase of
virus development (Figure 9) suggests that the enzyme(s) involved is
already present in the uninfected cell. Wnen virus is exposed to higher
doses, the sublethal damage results in a prolonged eclipse period
allowing repair to be more effective. The fact that in the case of the
late exposure to Puromycin there is no correlation between extended
eclipse period and decreased UV sensitivity indicates that the repair

must be performed on the parental (infecting) DNA end therefore must
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occur early in the growth cycle before viral DNA synthesis begins (i.e.,

before approximately 16 hours).

It should be pointed out that the eclipse periods measured in liquid
medium may not be the same as under conditions of the plaque assay, where
the infected cells are overlaid with nutrient agar. In fact, survival
curves based on plaque counts from the 10th-12th day tended to show an
increase in resistance, particularly at the lower doses, based on
recounting of the plagues on the 18th-20th day; thus, under plaque assay
conditions, there may be delays in the development of some of the complexes,
thus allowing repair to occur.

L. Test for effects of Puromycin and fixation of UV-damage on
capacity.

One might expect variations in the eclipse period to affect the
sensitivity of the capacity by allowing more or less time for fixation of
radiation damage in those cell structures necessary for virus multiplica-
tion. For example, in cases where integrity of the host cell genome is
required, processes analogous to those descrived for "mutation fixation"
in bacterisa (h) might play a role. This possibility was tested in the
two following experimenis, in which the capacity of ME cells for
unirradiated Py was measured: l) & nine-hour delay was allowed between
the time of UV-irradiation of the cells and infection, and 2) Puromycin
(20 Y/ml) was added to the infected, irradiated cells for the first eignt
hours after infection. An increased sensitivity of the capacity due to
each of the treatments could be expected; nowever, in repeated experiments,
this was not observed. Evidence that capacity is concerned with

"eytoplasmic" rather than "genomic" integrity has been obtained with
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phage A (Dr. J. wéigle, personal communication). The capacities were
measured for multiplication of the phage in two strains of E. coli:
HCR', which can repair UV lesions in its DNA, and HCR, which cannot.
The capacities of the two strains were the same, indicating that the
critical damage is not in the host INA.

5. Comparison of the radiobiological behavior of Py and HSV.

The X-ray and UV sensitivities of HSV can be seen in comparison
with Py in Figures 1 and 3, respectively. In the case of X-rays, HSV is
inactivated exponentially at a rate 6-7 times greater than Py. In the
UV inactivation curve of HSV, there is also a change in slope;, which is
by a factor of roughly 5.5 compared to 1.8 for Py. With UV, the ratio
of the initial slopes (HSV to Py) is approximately 17, in good agreement
with the ratio of the DNA contents--68 x 106 for HsV (13), and 3 x 106
for Py (20). Thus, the intrinsic UV sensitivity of Py is not unusually
low when compared to HSV. With X-rays, the intrinsic sensitivity of Py
is higher than that of HSV. It snould be noted, nowever, that a greater
X-ray sensitivity of HSV than that observed here has been reported (9);
the reasons for the discrepancy are not known.

The X-ray capacity curve for HSV is very similar to that for Py as
can be seen in Figure 2. The UV capacity curve for HSV (Fig. 4) is also
similar in shape to that for Py, but more resistant at all doses tested.
The ratio of surviving infecting centers HSV to Py appears to increase at
low doses and then remain constant. In general, the capacities of Mz
cells for the two viruses are not widely different. Thus, neither the

results on Iintrinsic sensitivities of Py and HSV, nor the relationship

between the cell capacities for these two viruses bears out the
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expectations from.similar studies with temperate and virulent bacterio-
phage. In addition, the data presented in Figure 5a-d demonstrate a
further breakdown in the Py-temperate phage analogy since the capacity of
bacteria has been shown to be more sensitive for irradiated than unirradi-

ated phage in the case of several temperate phage (18).

CONCLUSIONS

1. The survival curve for UV-irradiated Polyoms virus (Py) on
mouse embryo (ME) cells normally consists of two exponential components.
The survivors of higher doses show an increase in eclipse period of
approximately 30% compared to unirradiated or lightly irradiated virus.
If a comparable delay is brought about in all of the complexes by adding
Puromycin during the first part of the eclipse period, the survival curve
becomes & single exponential with the sensitivity of the less sensitive
component. Tnese results suggest an enzymatic repair mechanism in ME
cells which operates more effectively if virus development is delayed.

2. The effect of Puromycin in bringing sbout a delay in the eclipse
period depends on the stage during virus development al which the
inhibitor is added. Thus, exposure between the 3rd and 1lth hour, during
the expression of "early" viral functions, causes & T-hour delay, wnile
exposure between the 20th and 28th hour, during the expression of "late"
virus functions, causes roughly a 25-hour delay. The latter result
suggests that the structures responsible for early functions decay at
an appreciable rate and must be resynthesized if late functions are
blocked. This interpretation has been applied to the results of similar

experiments with HSV (10). Attempts are currently being made to test



this hypothesis by studying the behavior of Py-specific messenger RNA
in infected mouse cells.

3. The experiments on intrinsic virus sensitivities and host cell
capacities for the multiplication of Py and HSV have shown more similari-
ties than differences between these two different viruses. In particular,
Py, which is well known for its oncogenic properties, exnibits little of
the behavior expected of a "temperate” virus. It seems, therefore, that
similar studies of the cytolytic interaction of other viruses suspected

of oncogenic potential would probably be of no predictive value.
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RELATIVE TARGET SIZES FOR THs INACTIVATION OF T TRANSFORMING
AND REPRODUCTIVE ABILITIES O POLYOMA VIRUS¥*

By Thomas L. Benjamin

Division of Biology, California Institute of Technology

Infection by polyoma virus of tissue culture cells causes in mouse
embryo cells a cytocidal interaction with virus multiplication (1,2),
and in hamster cells a non-cytocidal interaction resulting in the acgui-
sition by the cell of permanently altered growth characteristics akin
to those of malignant cells (3,4). The latter process, referred to as
transformation, is generally regarded as tne in vitro counterpart of
the process whereby polycma causes tumors in animals. It is not known
whether all of the genes present in the polyoma virus DNA are required
for transformation. This problen has now been studied by comparing
the inactivation rates, or target sizes, of polyoma virus in regard
to its cytocidal (plaque rorming) and transforming eifects. Four
different methods of inactivation have been used -- wltiraviolet and

= -
X-irradiation, nitrous acid, and P~ -decay. With each of these agents,
the target size of the transforming avility was found to be between
55 ané 65% that of the cytocidal ability.

Materials and Methods. The small plaque variety of polyoms virus

was grown and purified according to Winocour (5).
Assays: The standard plague assay on mouse emoryo cells was
used (6). Transformation was measured on BEX (baby hLamster kidney)

cells by using the agar suspension method (7).
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Inactivations: Procedures for UV and X-irradiations are described

elsevhere (8). Total emission from & germicidal lamp was used as the
UV source. The dose rate corresponds approximately to 50 lethal hits
per minute to btacteriophage T2 in the absence of photoreactivation.
220-KV X-rays filtered through 1 mm of aluminum were used at a dosg
rate of approximately 3250 roentgens per minute. Nitrous acid inacti-

vation was carried out by mixing equal volumes of 2 M NalO 1 M acetate

2)
buffer pH 4.5, and virus suspension. The reaction was allowed %o
proceed at room temperature for the times indicated, then stopped by
rapid cooling and addition of an equal voiume of cold 5 M Tris buffer
pH 8.5, followed by dialysis against standard saline citrate buffer.

32 . : . " - .
P” -labeled virus was prepared as follows: Confluent baby mouse kKidney
cultures were kept in phosphate-free medium for 24 nr tefore infection.
The cultures were infected at a multiplicity of 10-50 pfu/cell, washed
free of unadsorbed virus, and tnen incubated in Eagle's medium con-
+atmd 3 _5 T - 3 o a4 oAl ¥ TRy -
taining 10 M phosphate and 5% dialysed horse serum. RIE {receptor
destroying enzyme) and anti-polyoma antiserum were added to the cultures

from the 6th to 10th hours after infection to remove residual cell-

associated virus. The cultures were again washed and re-incubated in

3 Bl

the same low phosphate medium. At the l4th hour arfter infection,
; . 32 : _r - : b B o e ;
carrier-free P° -orthophosphate was added in amount sufificient to make
£ .y £ 45 e : 3 A, 31 .
the specific activity of the medium approximately 1 P~ :200 P~~. The
cultures were harvested at the 50th hour, the cells sonicated to release
the virus, and the cdebris removed by low speed centrifugation. The

free ?32 was removed by dialysis, and the virus stored at -70°C for
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periodic assay. VUnlabeled /irus prepared under the saue conditions,
except for the omission of the isotope, was used as a control. To
compensate for veriations in the sensitivitvies of the assays from
‘week to week, the survival values were taken as ratios of the titer of
labeled to that of unlabeled virus eas determined in the same assay.

Results and Discussion: In Figure 1 (a-d) are presented typical

survival curves for the plaque forming and transforming abilities of
polyoma virus for each kind of inactivation. In each case, the inacti-
vation is a single.hit exponential process. The change in slopes of
the UV inactivation curves at higher doses is not important for the
present discussion; its nature will be discussed elsewhere (8). Only
the initisl slopes are considered here. XFor any of the methods of
inactivation, the ratio of the sliopes of the survival curves is a direct
measure of the relative target sizes of tne virus Tor tne two effects.
In repeated experiments, the values for inis ratio (trensformation:
plaque formation) were always between 0.54 and 0.66 and, within these
iimits, did not depend on the kind of inactivation.

The consistently observed difference in target size suggests that
the amount of viral genome recguired for transformation 1s approximately
55 = 65% of the amount required for virus reproduction. The results,
however, do not bear on the question of viral genes common to both types
of interaction, i.e., the extent to which the two targets overlap.

The interpretation in terms of the relative amounts of viral genetic

material required for the two effects resis on two basic assumptions:

1) The DNA of the virus is the target of inactivation in each case, and



2) The probabilities of survival of viral function are not differentially
modified by interaction with the iwo host cell species used.

The first assumption seems Jjustified for the following reasons:

1) The extracted viral DNA has both plagque forming (9) and transforming
(10,11) abilities; 2) The rates of UV inactivation of the plaque forming
ability of the virus and of the viral INA are indistinguishsble (8);

3) The doses of X-rays used here do not affect the nemagglutinating
ability of the virus which is a function of the viral protein, and

4) The primary efféct of P32-decay is restricted essentially to the

LA which contains most if not all of the isotope.

The major uncertainty in the interpretation stems from the use of
different cell species in the two assays. The results could be influenced
by two classes of cellular factors: 1) Enzymatic repair of the lesions
in the polyoma virus DNA. Such repair is znown to be extensive for UV
damages (12), much less in the case of X-rays {i3), and is not known
for either nitrous acid (12) or P32-decay. The ratios of the target
sizes as determined by the various agents, nowever, are the same; there-
fore, it is unlikely that such repair plays any role; 2) Differences
in the "code dictionaries" between mouse and hamster cells. Such
differences would be relevant only if the induction of ccocnditional lethal
mutations (l&) was an important mechanism of inactivation, and if some
of these mutations were lethal in mouse but not in hamster cells. This
could occur in virus inactivated by nitrous acid, UV, or X-rays, winich

are known to be mutegenic, although mutagenesls is unlikely to be a

significant cause of inactivation in the case of X-rays. Decay of
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P32has not been reporived to be mutagenic for btacterial viruses. Evidence
against a differential effect by the host cells was also ootained in an
experiment in which the survival of the reproductive ability of polyama
virus DNA was measured in the small proportion of hamster cells in which
a cytocidal interaction occurs. Hamster and mouse embryo secondary
cultures were infected with unirradiated or UV-irradiated viral DNA,
and the cells replated as infective centers on mouse embryo secondary
cultures. The infected cells were treated Jjust prior to transfer withn
a dose of X-rays sufficient to destroy their ability to divide without
affecting their capacity to support virus multiplication. With a
single dose of UV to the polyoma virus DNA, the fractional survival
was 0.36 + 0.C9 on mouse embryc cells, and on iwo preparations of
hamster embryo cells 0.35 = C.07 and 0.33 + G.1. Since both enzymatic
repair and mutational inactiivation are perhaps most likely in UV-treated
virus, this result shows that these phenomena do not play a major role
in the target size determinations.

Multiplicity reactivation could conceivavly coniribute to the
difference in inactivation reates, partvicularly in view of the nigher
virus to cell ration required for transformation. Tnis could not be a
major factor, however, because in bolh assay sysiems the dose response
curves of virus inactivated by the various agents were linear.

Summary. The rate of inactivation of the transforming ability of

b
i

polyoma virus ras been found to be 55-65% of the rate of inactivation

of the reproductive ability using four different metnods of inactivation.

These resulis nave been interpreted to mean that transformation requires
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the participation of only 55-65% as much of the viral INA as does

plague formation.

The author wishes 1o express his appreciation

to Dr. Renato Dulbecco for his advice &and criticisms, and to Drs. I.
Macpnerson and L. Montaigner for allowing me to use the assay system

for transformation prior to its publication.
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Virus-specific RNA in Cells Productively Infected or Transformed

by Polyoma Virus

T. L. BenJjamin
Division of Biology, California Institute of Technology

Pasadena, California, U.S.A.

Virus-specific RNA is detected in mouse kidney cells infected by polyoma
virus by means of hybridization between Ho-thymidine-lsbelled virus DNA
and P>o-pulse labelled RNA. Suall amounts of "early" RNA are observed
before virus DNA synthesis begins; during the later phases of virus
development, there is a sharp increase in the amount of virus-specific
RNA. The "late" RNA appears 1o saturate only a fraction of the sites
on the virus DNA. Synthesis of mouse RNA occurs, and i1s possibly
stimulated, during the infection.

A small fraction of the pulse-labelled RNA from virus-free polyoma
transformed cells is capable of hybridizing with the virus DNA. No
such hybridization is observed with RIIA from normal or other malignant

cells. This finding provides evidence for the persistence of viral

genome in the transformed cell.
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1. Introduction

The problem of demonstrating ithe presence of virus-related
materials in mammalian cells transformed (i.e., rendered neoplastic or
"malignant" ) by viruses of the polyoma - SV-40 group has been studied in
recent years by means of several experimental approaches (Vogt « Dulbecco,
1¢62). Conclusive evidence on thic point would be critical to the
formulation of acceptable tneories of viral carcinogenesic by these INA
tuwmor viruses.

BEvidence for virus-specific complerent-Tixing antigens in tumor or
transformed cells has been shown for polyvoma (Habel, 1965), for SV-40
(Black, Rowe, Turner « Huebner, 1963), ané for adenovirus types 12 and 18
(Hueoner, Rowe, Turner « Lane, 1963). In addition, virus-specifie

transplantation antigens have been shown for polyoma and SV-LO (Sjogren,

fol

Hellestrom & Klein, 1961; Habel « Eddy, 1963; Koeca « Sabin, 1963; an
Defendi, 1963). Other results have indicated that the genetic determinant

for the polyoma transplantation antigen can be "rescued' by superinfection
of transformed cells with appropriately marked virus strains {Ting, 196%4).
Although strongly suggestive of the continued presence of viral genes,
these results alone are not directly conclusive in this regard.
Using techniques of nucleic acid hyoridization, attempts have been
made to reveal a complementarity of base secuence oetween DA of polyoma
transformed cells and DNA of the virus (Axelrod, Bolton « Habel, 1964 )

or RINA macde from the viral DHA by the DllA-dependent RNA polymerase from

E. coli {(Winocour, 1965 ). Although a greater affinity of the viral LFA
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for DNA of transformed cells as compared to that of normal cells was
observed, the results were somewhat oObscured by a variable degree of
homology with normal cellular LNAs. In the studies with synthetic
viral RNA, no differences between normal and transformed cell DNA
~were observed, wihich would have been detected if roughly 20 viral DRA
equivalents per cell were present.

In the present investigation, hybridization experiments are
performed using purified viral DNA and RNA made in vivo by normal and
transformed cells. As a preliminary step toward the detection of
virus-specific RNA in transformed cells, conditions were first sought
by which virus-specific RNA in cells infected by and releasing polyoma
virus could be detected and characterized. The results show a pro-
gressive increase in the amount of virus-specific RNA during virus
development. Using the same procedure, it was possible to detect a
small fraction of the RNA in polyoma transiormed cells, but not in

normal Or other malignant cells, capable of nyoridizing with polyoma DNA.

2. Materials and Metnods

(a) Prevaration of Hj-thymidine—labelled viral DNA

N

Py was obtained from infected mouse kidney culiures as previously
described (Winocour, 1963). On the 2nd or 3rd day after preparing the
cultures, 10 ml. of fresh medium containing 2 ucuries/ml. of H3-thymidine
(New England Nuclear Corp., specific activity 1.4 x th ueuries/umole)
was added to each culture dish (100 x 20 mm). Cultures were harvested

on the Sth or 6th day.
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Concentration and purification of the virus from the crude lysates
were carried out either by centrifugation in the S30 Spinco rotor for
2 hrs at 28,000 rev./min followed by treatment of the pellet with 0.5%
sodium deoxycholate (Murakemi, 1963), or by precipitation with sbsolute
methanol (33% final volume) in the cold. The methanol precipitate was
iaken up in a neutral Tris buffer containing 0.025% trypsin, and tréated
with 0.5% sodium deoxycholate. The partially purified virus was then
treated with RNase and INase (10 y/ml. each) for 1 hr at 37°C, spun down
and resuspended in a CsCl solution of density 1.33 gm/ml. The mixture
was spun in the SW39 rotor for 18-24 hrs at 30-35,000 rev./min. The
virus band was collected, dialyzed against Tris-buffered saline and
stored for extraction at -70°C. The INA of the virus was extracted
with phenol (Weil, 1961).

Analyses of the INA by band sedimentaiion through neutral or alkaline
CsCl were performed in the Spinco Model E uitracentrifuge to determine the
distribution of the components {(Vinograd, Lebowitz, Radloff, Watson, and
Laipis, 1965). Since even a minor contamination of the polyoma DNA by -
mouse DNA could obscure the significance of the hybridization results, the
DNA preparaiions were fractionatéd on sucrose density gradients at neutral
pH in order to isolate the major viral components (I and II) from the small -
amount of heterogeneous component (III). 1In one preparation used in
these studies, only components I and III were initially present (rouéhly
95% and 5%, respectively), and in the other preparation component II was
present (roughly 20%) in addition to I and III. After fractionation, pure

component I was obtained from the first preparation, and a mixture of
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coﬁponents I andVII from the second; no component III could be detected
by analytical ultracentrifugation in either of the final preparations.
The specific activity of the viral DNA, counted under the conditions

used for hybrid detection, was 4.5 - 7.3 x 103 cts/min/y.

(b) Preparation of P3°-labelled RNA

Baby mouse kidney cultures were incubated in phosphate-free Eagle's
medium for 24 hours prior to infection. Cultures were infected at a
multiplicity of 10-20 pfu/cell, wasned, and incubated in a low phosphate
medium (2.5 x 1072 M, compared to 2 x 10°° M for normal medium). At
different times after infection, 0.2-0.3 millicurie of carrier-free
P32 orthophosphate was added to each culture containing 10 ml. of medium.
Either four or eight hours after addition of the isotope, the medium was
removed, the cells washed with ice-cold Tris-buffered saline, collected,
rewashed, spun down and stored at -70°C. Other normal or transformed
cell lines were grown to near confluency, starved oI phosphate, and
pulse-labelled for four hours in the same manner as the infected cells.

RNA was extracted by a hot phenol procedure. The cells were sus-
pended in 27 volumes of a solution containing b x 10"3 ﬁ MgCl2, 0.5%
sodium naphthalene disulfonate, and 1.25 mg/ml. béntonite. 3 volumes
of 25% sodium dodecyl sulfate and 30 volumes of Tris-buffered phenol
(pH 7.2) containing 0.1% 8-hydroxyquinoline were added. The suspension
was shaken vigorously in a 62°C water bath for 3-5 minutes, then quickly
cocled in an ice-salt mixture. Following another cycle of heating,

shaking and cooling, the mixture was centrifuged. The aqueous layer



54
was removed and subjected to further deproteinization by shaking in the
cold with an equal volume of the same phenol. The final aqueous phase
was orought to 0.1 M NaCl, end the RNA precipitated by adding two volumes
of cold 100% ethanol. The RNA was dissolved in SSC/10 (0.015 M NaCl,
0.0015 NaCitrate) containing 0.005 M Mgéle and treated with io y/ml,
RNase-free DNase for 45 minutes at 37°C. The mixture was then shaken
with phenol, and the aqueous phase passed through a 55 cm-high column
of G-100 Sephadex equilibrated with SSC/lO to separate the RNA from
products of [Nase digestion. The leading radioactive peak (RNA) was
collected, precipitated with ethanol, redissolved in 2xSSC and stored
at -70°C. In some instances the material from the column was filtered
through nitrocellulose filters (Schleicher and Schuell Co., type B-6)
once or twice to help remove small amounts of denatured IINA. The P32
in such preparations was rendered over 99.9% TCA-soluble by alkali
treatment (0.3N KOH, 20 nours, 30°C), and was insensitive to further
attack by DNase. The concentration of RNA in these preparations varied

from 50 to 200 y/ml.

(c ) Hybridization

The technique used here is similar to that described by Gillespie
and Spiegelman (1965). To convert the closed circular form of polycma IINA
(component I) to a heat-denaturable form (component II), the DNA was

n
y/ml.) at room temperature

incubated with pancreatic INase (102 to 10”
until roughly 90% of the preparation was present as component II

(according to Vinograd et al., 1965). The reaction was stopped by
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addition of verseﬁe, and the DNA dialyzed against SSC/lO. The INA was
denatured at a concentration of 20-40 y/ml. oy heating in boiling water
for 10 minutes followed by rapid cooling in an ice-salt mixture. One-
fourth volume of 2.5 M KCl, 0.05 M Tris, pH 7.4, was then added. Appro-
priate amounts of the INA were filtered under suction onto nitrocellulose
filters pre-soaked for 5-10 minutes in 0.5 M KCl, 0.01 M Tris, pH T.4.
(90-100% of the H3-polyoma IINA deposited on the filters was retained,
and not more than 5% of the initially retained counts was lost in the
subsequent incubations and washings.) The filters were dried at room
temperature for 1 hour, then in an oven at 80°C for k-6 hours. In some
cases, the filters were then placed in 2xSSC and incubated 10-14 hours
at 60°C. This step was found to minimize the non-specific attachment or
background of P32 in the subsequent incubation. For the formation of
hyorids, the filters with DNA attached were placed singly in small
chambers consisting of a plastic screw cap with fitting glass tube cut
off Jjust below the threads. The filter was placed inside the cap with
the DNA-side exposed. The shortened glass tube was then screwed in
place, serving as a well for the RNA solution. 0.4 cc of the RNA was
added, ana the open end of the tube was sealed off with vacuum grease
and a.cover slip. The chambers were then incubated in a 60°C water
bath for 18-24 hours. At the end of the incubation, the filters were
removed, washed thorougnly in 2xSSC, and incubated for 1 hour at 30°C
in 1xSSC containing 20 y/ml. RNase. The RNase was previously heated
at 80°C for 15 minutes to inactivate traces of INase. The filters were

finally washed by passing through 80 cc of warm (56°C) 0.5 M KC1,
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0.01 M Tris. After drying thoroughly, the filters were placed in plastic

vials for counting in a Packard Tri-Carb Liquid Scintilletion Counter.

; : N—— g s 21 G
The channels were set for simultaneous counting of H” and P3 . Correc-
tions for spillover between the channels were made whenever necessary.
The approximate counting efficiencies were 15% for # and 50% for p32

for unquenchned samples.

3. Results

(a) Effects of Phosphate-devrivation on the virus growth cycle

=

The possibility that the low concentration of phosphate in the medium
might prevent or alter the normal course o virus synthesis was examined
by comparing the growth curves of virus under the normal and low phosphate
conditions. Replicate cultures were harvested at various times aiter
infection, frozen-thawed three times, and assayed for total virus by
hemagglutination (Eddy, Rowe, Hartley, Stewart and Huebner, 1958). The
vield at the end of the cycle was also assayed by plaque formation
(Dulbecco &« Freeman, 1959) to assure that infectious particles were
present. The results are presented in Figure 1. It can be seen that

both the time course of virus production and the final yiela are the same

for the two conditions.

(v) Detection of vwolyoma-specific RHA in infected mouse kidney cells

To detect the presence of viral-speciiic RNA in the RNA extracted
from infected cells, samples of the separate pulse-labelled RNA

reparations from each eight hour period from O to 32 hours after
&
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infection were poéled. A constant amount of the pooled RNA was added
to a series of filters containing increasing amounts of polyama DNA.
Two controls were included: RMNA fram pulse-lebelled uninfected mouse
cells added to polyoma DINA, and infected cell RNA added to E. coli
DNA, which has a base composition close to that of polyoma INA. The
retention of E. coli DNA was determined by optical density measurements
before and after filtration. Incubation was for 24 hours at 60°C. The
results are shown in Figure 2; each point represents the average of two
determinations. It can be seen that only in the case of infected cell
RNA and polyoma DNA is there an increase in .the amount of P32counts
bound with increasing INA on the filters. The controls show that the
major factor in the rise of this curve cannot be due either to the
presence of an RNA in uninfected mouse cells which 1s homologous to
polyoma DNA, or to a non-specific sticking to DNA by the infected
cell RNA.

The kinetics of formation of the hybrid at 60°C is shown in Figure
3. Replicate hybrid chambers were set up with filters containing approx-
imately 1.2y of polyoma DNA and a constant amount of infected cell RNA.
Duplicates were removed at the times indicated, and the asmount of
hybrid determined &s described. Chambers containing filters without
DNA and the same amount of RNA were included as background controls.
It appears that no further hybrid is formed after about 16 hours, and the
maximum amount of hybrid remains constant for up to 30 hours of incubation.
In all subsequent experiments, the incubation time was between 18 and

24 hours.
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(c¢) Appearance of virus-specific RNA during the growth cycle

Information conccrning the relative amounts of virus-specific RNA
at different times after infection was obtained through the following
experiments. Samples of the pulse-lavelled RiA from each successive
eight hour period from O to 32 hours were diluted forty-fold from the
initial concentration used above (part b), and incubated with filters
containing increasing amounts of polyoma DNA in an attempt to "exhaust"
the specific RNA in each of the RNA samples. The results are plotted
as the fraction of the input counts of P32-RHA hybridized versus the
gmount of polyoma DNA (Figure 4). The attainment of a plateau in
such an experiment would indicate exhaustion, the level of the plateau
giving directly the fraction of the labelled material capable of
hybridizing to polyoma INA. This would represent the actual virus-
specific fraction if ell of the virus-speciflic RNA present was capable
of hybridizing (i.e., if there was no appreciably secondary structure
in the RNA to prevent hybridization).

In the cases of the early periods, 0-8 and 8-16 hours, as the
amount of polyoma INA is increased, a small but increasing Ifraction
of the RNA is bound above the background value (binding in the absence
of DNA), and no platesu is reached at the DNA levels employed. In the
later periods, 16-24 and 24-32 hours, the relative amounts of virus-
specific RNA are much greater, and plateaus are reacned with less than
1 vy of DNA (total RNA concentrations, approximately 5y/ml). The RNA of
the latest period appears to be richest in specific RNA, although even in

this case less than one per cent of the labelled material hybridizes to

virus IiNA.
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To verify that the RNA in the plateau region is actually depleted
of virus-specific RNA and to rule out the possibility that the plateau
is due to some limitation in the availability of the DNA for hybrid-.
ization, the "exhausted" RNA was incubated a second time with a new
filter carrying polyoma DNA., The amount of P32 bound in the second
incubation was slightly above background, indicating that most, if not
all, of the specific fraction was removed in the first incubation.

No direct comparison between the early and late periods in terms
of the relative amounts of specific RNA can be made from these experiments
due to the inability to exhaust the early period RNAs. Nevertheless,
it appears that a sharp increase in production of virus-specific RNA
occurs sometime after 16 hours.

The converse type of experiment, in which increasing amounts of
RNA are added to a constant amount of INA, was per{ormed using the same
RNA preparations. Since the background is not strictly linear with the
amount of RNA added, separate backpround controls were included for each
input RNA concentration; these background values were then subtracted
from the counts bound with the same concentration of RNA in the presence
of DNA. The results are plotted in Figure 5 as the cpm RNA hybridized
per O.1y DNA versus the cpm incubated. The actual amount of DNA was
around .0OTv.

In principle, two kinds of informaticn could be obtaineda from such
an experiment. First, the initial siopes, in the region of DNA excess,
are a measure of the relative amounts of virus-specific RNA, thus pro-

viding a common basis for comparing the RNAs from all periods. The
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consistency of this method witih that of "exhaustion" can be seen by
canparing results obtained by the two methods with the late period
RNAs: the ratio of the plateaus in Figure Ub is in good agreement
with the ratio of the initial slopes in Figure 5o for the same RNAs,
roughly 2:1 in each case. Secondly, the satluration of a low amount

of DNA with RNA of any given period would allow the estimation of the
fraction of the DNA involved in hybridization with the RNA of that
period. It would appear from the results shown in Figure 5 that the
first type of information could bte obtained relisbly from measurements
of the initial slopes; the second type of information could not be
obtained for any but the latest period RNA which seems to give a satur-
ation of the INA.

Ixperiments of this type were therefore repeated, using new pre-
parations of RNA with successive 4 hour pulses from L to 32 hours after
infection. RNA from each period was added in two concentrations to
filters containing 0.5 ¥ .OLy DNA. The relative amount of virus-
specific RNA was claculated for each period by aividing the increase

2 - : : 2
3 hybridized by the increase in counts of P3 incubated

in counts of P
for thedtwo concentrations. These values, plotted against the time
after infection, show the relative rate of synthesis of virus-specific
RNA during the virus growth cycle (Figure €). The uptake of Clh -
thymidine into TCA-insoluble material by infected mouse kidney cultures
is plotted for comparison. The increase in the fraction of hybridizable

RNA after 16 hours is undoubtedly due in part to an increase in absolute

amount of virus-specific RNA at these times; however, unknown factors,
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such as changes in the rate of incorporaticn of P32 into other RNA
(see_below; since the overall rate of incorporation of P32 into RNA
also increases during the late period, this factor seems somewhat un-
likely), and changes in the specific activity of the phosphate pool
with time, do no allow the exact determination of the absolute rate
of virus-specific RNA synthesis.

Attempts to saturate a lower amount of INA (roughly .0Ty) with
the 12-16 hour and 24-28 hour RNAs are shown in Figure 7. No saturation
with the early RNA is observed when ihe maximum practical amount is
added. The late RNA, however, appears to reach a saturation value of
approximately 1.2 x th cpm per O.1y DINA. Assuming the RNA has the
same specific activity as the medium (corrected for decay), this value
corresponds to the binding to rougnly 25-35% of a single viral DNA

strand.

(d) Hybridization of infected and uninfected cell RNA with mouse INA

Pulse-labelled RliAs from infected (16-24 and 2Lk-32 hours, pooled)
and uninfected cells were incubated with filters containing no DNA,
5y of Hs-polyoma ONA, or S5y of H3-mouse LlA. The resulis are shown
in Figure 8. As expected, only the infected cell RNA forms a signif-
icant amount of hybrid with the viral INA. Both RNAs, however, hybridize
with mouse DNA, the infected cell RNA to & greater extent than the un-

infected.
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(e) Detection of virus-specific RNA in transformed cell lines

Pulse-lasbelled RNAs from a series of normal and transformed cell
lines were incubated with filters conteining viral DNA in order to
test for the presence of virus-gpecific RIA. All polyoma-transformed
lines were tested for the presence of virus and were found to be virus-
free (limit of detection: one plaque forming unit per lO6 cells).
Descriptions of the cell lines and results are given in Table 1.
Results with some of the lines are presented graphically in Figure 9.
Small but significant fractions of the laebelled RNA from transformed
lines hybridize with polyoma DNA. Virus-specific RNA can be detected
in cells of three different species transformed in vitro by polyoma;
no such RNA is found in either normal, SV-40 transformed or spon-

taneously malignant cells.

L, Discussion

(a) Virus-specific RNA in infected mouse kidney cells

A fraction of the P32 pulse-labelled RNA extracted from mouse
kidney cells infected by polyoma virus is capable of hybridizing
specifically with polyoma DNA. Tne size of this fraction depends on
the time during the virus growth cycle at which the 932 is given. The
curve showing the size of the virus-specific fraction as a function

of time follows fairly closely the uptake of Clq—thymidine into DNA

in the infected cultures (Figure 6). Since part of the DNA synthesized
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after infection is known to be mouse INA, a better comparison would
be the time of appearance of infectious viral IDNA (Dalbecco, Hartwell,
and Vogt, 1965). DNA infectivity begins to appear around 22-24 hours
and increases rapidly in parallel with the increase of virus-specific
RNA. These results would suggest that progeny viral INA acts as tem-
plate for RNA synthesis.

From the saturation experiment with 24-28 hour pulse-labelled RNA
(Figure Tb; Results, part c) it would appear that not all of the virus
DNA is involved in hybridization with the late RNA; however, the cal-
culation involves the untested assumption that all of the DNA on the
filter is availsble for hybridization. The present results, therefore,
give no clear indication as to the specificity of transcription of
DNA sites during the course of virus development. It is hoped that
such information cen be obtained f{rom further experiments, now in

progress, involving competition between the early and late RNAs.

(b) Effect of infection on the ability of pulse-labelled RNA 1o hybridize

with mouse INA

During the period of maximum synthesis of virus-specific RNA
(2L-28 hours), not more than one per cent of the labelled RNA can
hybridize to polyoma INA. Even allowing for the fact that only half
(roughly) of the cells in the culture are infected, it would appear
that infection by polycma does not block the uptake of P32 into cellular
RNA. In fact, comparison of the abilities of infected and uninfected

cell RNA to hybridize with cellular LA shows a stimulation during
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infection (Figuré 8). These results could represent a "cross hybridi-
zation" between virus-specific RNA and mouse IDNA, which would be pre-
dicted from the partial homology observed between synthetic polyoma

RNA and mouse DA (Winocour, 1965). On the other hand, they could
indicate the actual stimulation of host cell RNA synthesis by the virus;
this would be in keeping with observations made on the same system
(Dulbecco et al., 1965) of a stimulation (or derepression) of mouse
DNA synthesis. DEvidence of a stimulation of cellular RNA synthesis

has also been obtained in polycma-infected mouse embryo fibroblasts
(Benjamin, unpublished results).

(e¢) Presence of virus-specific RNA in trans

The results presented here demonstrate that polyoma-itransformed
cells synthesize a rapidly labelled RNA which can hybricdize to polycma
DNA. This finding is of particular interest in considering the role
of the virus in causing transiormation. The persistence of virus-
specific RNA in these virus-free cells strongly suggests that the viral
genome a&lso persists, at least in part - possibly integrated with the
'DNA of the host. 1 would seem reascnable to suppose further that the
virus-specific RilA functions in vivo as a messenger RilA; whether the
corresponding protein would be required for maintenance of the trans-

formed state is still a matter of speculation.
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Table 1. - Test for Virus-specific RNA (P’C) in Various Cell Lines

Fraction¥* of PBVC
Bound to Filter

Cell ILine Origin and Description % 10
- DNA  + DiA (v)
A) Mouse:
ME normal embryo secondary cultures 2.0 2.3 (5.3)
3T3 normal fibroblast (Todaro & Green, 1963) 4.0 2.8 (1.5)
Py-3T3-1 Py transformed derivative of 3T3 33 9.5 (1.8)
(Todaro & Green, 1965)
Py-3T3-11 similer to Py-3T3-1 3.1 17.6 (1.6)
SV-3T3-47 SV-LO transformed derivative of 3T3 1.4 0.9 (1.7)
(Todaro & Green, 1965)
SVPy-3T3-11 SV-40, Py doubly transformed (Todaro, 2.1 19.2 (1.6)
Hsbel & Green, 1965)
3T3-Py-1 Py transformed derivative of 3T3 2.4 T7-5 (1.8)
isolated in agar (Benjamin, unpubl.)
3T3-Py-6 Py transformed, similar to 3T3-Py-1 s 6.8 (1.7}
B) Hamster:
C13 BHK, baby hamster kidaney 0.6 0.8 (3.6)
(Stoker & Abel, 1962)
Ha 651 ‘"spontaneous" malignant derivative of 4.2 3.4 (1.5)
€13, (see Bases, 1963)
Ha 442 similar to Ha 651 3.5 2.7 (1.6}
1 Py transformed derivative of C13, 2.8 3.1 £1.6)
isolated in agar (see Macpherson &
Montagznier, 1964)
T8 Py transformed, similar to Tl &1 5.1 (1.6)
S1 non-transformed, spontaneous mutant of 3.8 2.5 (1.6)
Cl3 that grows in agar
C) Rat:
RE normal rat embryo fibroblast 1.4 1.5 €3.33
RT1 Py transformed derivative of RE, 3% 4.2 (3.2)
isolated in agar
RT2 Py transformed, similar to RI1l 2.2 10.8 (1.3)
RT 4 Fy transformed, similar to RT1 1.0 3.2 (1.3)
REF Py transformed "focal" line, derivative 2.0 17.2 {5.4])
of RE
RS2 non-transformed, spontaneous mutant 4.8 8.3 (1.3)

of RE that grows in agar

*Average of two determinations
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RECAPITULATION AIND CONCLUSIONS

A. rief Recapitulation of Results

1. In Part I no radiobiological evidence for "temperateness"
of Py was found. During tne course of this investigation, a two-slope
survivael curve was observed for the inactivation of Py by ultraviolet
light. Analysis of some factors affeciing the shape of the curve led
to the postulation of a host cell repair mechanism in mouse cells.

2. In Part II it has been shown that slightly less than half of

22

the "hits" (UV, X-ray, nitrous acid, or P°° decay) to the plague-
forming ability of Py leave the transforming ability intact.

3. In Part III methods were developec that allowed the detection
in both productively infected and virus-free transformed cells of a

rapidly labelled RNA which is capable of hybridizing with the viral

INA.

B. General Conclusions

From the results of Part II it 1s concludea that not all of the
genes required for virus multiplication are reguired for obtaining
transformation. Considering the small amount of INA in the virus, it
would seem that transformation is due to the action of not more than a
few genes. Thus, the action of Py in causing transformation may be
described as "partial” or "defective" in the sense of leading to in-
complete virus development. This situation may or may not be closely

parallel to that with RSV. Wnile only a defective state of the RSV
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T
genome is known, two possibilities may be envisaged for Py: 1) expression
of the basically non-defective genome is partially repressed by some
unknown mechanism during the transformation interaction, and 2) trans-
formation is due to a fraction of particles carrying defective genomes.

In the latter case, the alteration would nave to be of a subtle nature
not involving gross changes in the DNA structure. The second alternative
seems unlikely in view of the nigh multiplicities of infectious virus
used to ceuse transformation.

The persistence of viral genes in the transformed cell directing

e

the synthesis of the virus-specific RNA is strongly suggested from the
results of Part III. The possibility that the fraction of the genome
relevant to transformation (Part II) is homologous, at least in part, to
the virus-specific RWNA present in the transfcrmed cell should be con-
sidered. On the basis of several lines of evidence, the relevant part
should be the fraction corresponding to "early’ functions. Thus, it
would be predicted that the virus-specific RNA of transformed cells
ghould compete with "early”’ cytolytic RNA. This prediction may be
tested experimentally.

The presence of wviral function(s) in transformed cells allows a
further prediction to be made which can ve tested by extending the in-
activation studies in the following manner: When a UV-irradiated virus
particle infects a transformed cell, the presence of virus functions in
the cell should lead to a by-pass of some of the UV damages; thus a
reduction of the target size of the plague-forming ability of Py should be
observed when the survival is measured on transformed, rather than normal

cells.
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Finally, in light of the hybrid results, the question of the
relationship of the new antigens of transformed cells and viral genes
becomes more meaningful. This question might be approeched by dis-
sociating the virus-specific RNA of tr@sz“omed cells from the virel
 DNA and testing its a&bility to direct the synihesis of protein in vitro.

The relationship of the product protein to the antigens might then be

tested by one of several immunoclogical methods.



