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N6 ,o -Dibutyryl cyclic adenosine 3',5'-monophosphate

(Bt2cAMP) was investigated for its effects on various tissue

culture cells infected with temperature-sensitive (ts)

mutant, LA31 and Bratislava 77 (B77), a wild-type Rous

sarcoma virus. Specifically, known parameters of

transformation were investigated and a possible site of

action has been tenably proposed. The drug Bt2cAMP was

found to have little effect on the transformation related

properties of primary chick embryo fibroblasts (CEF)

infected with either virus or normal rat kidney fibroblasts

(NRK) infected with the wild-type B77-RSV. However,

significant inhibition of the transforming properties in NRK

infected with the ts mutant LA31 (LA31-NRK) were reported at

the permissive temperature 33 degrees centigrade (33 C).
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CHAPTER I

INTRODUCTION

N6,02'-Dibutyryl cyclic adenosine 3',5'-monophosphate

(Bt2 cAMP), an analog of cyclic adenosine monophosphate

(cAMP), was first introduced by Posternck and Falbriand in

1962 (11). For my research Bt 2 cAMP was chosen because it is

more effective in stimulating living cells than cAMP, this

since Bt2 cAMP penetrates membranes easily and increases

intracellular levels of cAMP by inhibition of cAMP

phosphodiesterase (7). A variety of reports has appeared in

the past several years linking the abnormal properties of

transformed fibroblasts to their low levels of cAMP (1; 6;

9; 10; 12; 17).

In this thesis we report the effects of Bt2cAMP on

characteristics of transformation in chick embryo

fibroblasts (CEF) and normal rat kidney (NRK) cells infected

with wild-type or temperature-sensitive (ts) RSV. This

infection of a heterologous host NRK cell instead of its

homologous host CEF eliminates the interference produced by

the production of viral progeny. Mammalian cells infected

with RSV fail to produce any detectable amounts of

infectious virus particles but do exhibit transformed

phenotypes.

1



2

Transformation by RSV cause several characteristic

changes in infected cells. Normally spindle shaped cells

assume a spherical phenotype (8), growth rates are increased

with loss of contact inhibition of growth (16), the loss of

normal anchorage requirements allow colony formation on agar

(3), cytoskeletal elements undergo transformation specific

changes (2, 15) and levels of cAMP are decreased (1; 6; 9;

10; 12; 17). These characteristics are believed to be

caused by the transforming sarcoma gene product.

In this study, the effect of Bt2cAMP on cellular

transformation of CEF and NRK cells infected with wild-type

and ts mutants of RSV was investigated. The RSV used were

type C oncovirus of the retrovirus family. It has an

envelope and a single stranded ribonucleic acid (RNA) genome

(14). RNA oncovirus integrate into the host

deoxyribonucleic acid (DNA) through the function of RNA

dependent DNA polymerase (reverse transcriptase) (4, 13)

resulting in viral DNA which is synthesized in the cytoplasm

and incorporated into the cellular genome nine to ten hours

after infection. Three genes code for the components of

RSV: the gene which codes for structural proteins (gag),

the gene which codes for RNA dependent DNA polymerase

(reverse transcriptase) (pol), and the gene which codes for

envelope proteins of oncoviruses (env) (14).

Often sarcoma virus are deficient in one or more of

these genes but always have a sarcoma gene (src) that codes
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for initiation and maintenance of oncogenic transformation

(8). The existence of a src gene product or transforming

protein is supported by the effect of protein synthesis

inhibitors such as cycloheximide that cause restoration of

normal characteristics to transformed cells (2). The

reversion from transformed to normal phenotype is supported

by RSV mutants that have become temperature sensitive

because of a two-point deletion in the transforming gene

src. These mutants are classed as T-1 mutants and lose

their transformation related properties when shifted to a

higher nonpermissive temperature. NRK infected with

heterologous viruses are excellent lines for the study of

transformation related changes in infected cells because

viral reproduction does not occur, preventing eventual lysis

of host cells by these viruses.

For purposes of this research, both cell lines were

infected with both viruses. At the permissive temperature

of 3300 NRK cells infected with the ts mutant LA31-RSV,

display the characteristics of transformation already noted.

At the nonpermissive temperature of 3900 for infected NRK

cells, these characteristics of transformation by the ts RSV

mutant are absent while NRK cells infected with B77 the

wild-type RSV show no change (8). In 1975 Brinkley et al.

reported that Bt2cAMP stimulated assembly of cytoplasmic

microtubules by restoration of cAMP levels in transformed

3T3 cells (5). Experiments have been performed to look for
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a possible link between increased cAMP levels, restoration

of the occurence of cytoskeletal elements, and restoration

of normal phenotype (5) . Growth experiments have been

performed to test for cytotoxicity toward uninfected CEF and

NRK, and determination of the site of action has been

tenably proposed.
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CHAPTER II

MATERIALS AND METHODS

Cell Lines

The cell lines were normal rat kidney fibroblasts (NRK)

and chick embryo fibroblasts (CEF) infected with either

wild-type or temperature sensitive Rous sarcoma virus (RSV),.

Primary chick embryo fibroblasts were obtained from fertile

egg embryos. All cells were grown in growth medium 14 (GM

14) with 1 x Flo (Ham's) medium and Hanks salts (see

Appendix), 5% newborn calf serum, 10% tryptose phosphate

broth, 100 units/ml of penicillin, 100 mcg/ml streptomycin

or growth medium 15 (GM 15) which is GM 14 with 2% chicken

serum added. These cells were grown in humidified, 5% CO2

incubators at either 330 or 39C. Infected NRK cell lines

came from Doctor Peter Vogt's laboratory at the University

of Southern California at Los Angeles and uninfected NRK

cell lines came from Doctor M. C. Wu's laboratory of the

Department of Biochemistry at Texas College of Osteopathic

Medicine, Fort Worth, Texas.

7
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Viruses

Rous sarcoma viruses LA31 and B77 were used for these

experiments. LA31 is a temperature-sensitive mutant and B77

is a closely related wild-type RSV.

Drug

N ,O2'-Dibutyryl cyclic adenosine 3',5'- monophosphate

(Bt2cAMP) was obtained from Sigma Chemical Company, St.

Louis, Missouri and dilutions were made in the culture

medium described above.

Experimental

Effect o Morphological Transformation,
of Chick Embryo Fibroblasts

Three hundred thousand CEF cells were seeded into 15 mm

multiwell tissue culture plates containing one ml of growth

medium 15 (GM 15). After the time necessary for cell growth

to show even cellular distribution, the cells were first

rinsed with 0.5 ml 100% dimethyl sulfoxide (DMSO) and then

infected with approximately 1.2 x 105 FFU of the different

RSV viruses. Three plates of CEF cells per concentration of

Bt2cAMP per virus type were prepared where the

concentrations of Bt2 cAMP were 10, 50, 100 and 500 mcg/ml.

Triple control plates were used. The first set contained

CEF cells and a 500 mcg/ml concentration of Bt2cAMP. The

second set contained the CEF infected with RSV and no

Bt2cAMP and the third set contained CEF cells without virus
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or Bt2 cAMP. Cells were grown at the permissive temperature

(330C) for three days or until morphological transformation

of the control plates was uniform. The growth medium was

then replaced with growth medium containing 10, 50, 100 and

500 mcg/ml concentrations of Bt2 cAMP. Approximately seven

hours later the medium containing the viral progeny was

removed and transformation was graded according to the

relative per cent of transformed cells present. Grading was

assigned on a scale of 0 to 9, with 0 being no transformed

cells present, and 9 being more than 90% of the cells

transformed.

Effect onRSV Replication

Dilutions of each virus harvest were prepared and

duplicates of each harvest were also prepared. For each

test, 3 x 105 CEF cells were seeded into 15 mm wells of

multiwell tissue culture plates containing one ml of GM 15.

When cell growth showed even distribution, cells were rinsed

with 100% DMSO and then infected with 0.1 ml of each of the

harvested virus in dilutions of Bt2cAMP in GM 15. The cells

were incubated at 330C and eight hours later the medium from

each plate was removed and replaced with five ml of overlay

medium (see Appendix). Four days later the foci on each

plate were counted using a calibrated micrometer.
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Effect _j Morphological Transformation of Infected NRK

One hundred twenty thousand NRK cells infected with

temperature-sensitive, LA31-RSV (LA31-NRK) or wild-type

B77-RSV (B77-NRK) were seeded into 15 mm wells and allowed

to grow at 330C in GM 14 with 0.4% Fungizone, until

confluency and transformation were uniform. The medium was

then replaced with growth medium 14 (GM 14) containing

dilutions of Bt2cAMP. A set of control plates without

Bt2cAMP was also prepared for the LA31 and B77-NRK cell

lines. Four plates per dilution were examined

microscopically one hour after the medium change and the

degree of transformation was recorded. Transformation was

graded visually according to the average relative per cent

of transformed cells present as already described.

Effect on Colony Formation in MQar

Three ten-fold dilutions of uninfected NRK cells and

NRK cells infected with temperature-sensitive LA31-RSV

(LA31-NRK) and wild-type B77-RSV (B77-NRK) were suspended in

one ml cloning agar (see Appendix) and seeded onto 0.5 ml

solidified nutrient agar (see Appendix) in the bottom of 15

mm multiwell tissue culture plates. Three plates per

dilution of Bt2cAMP in cloning agar were prepared per cell

dilution per cell type. One set of LA31-NRK cells was grown

at the permissive temperature 330C, while identical LA31 and

B77-NRK cells were grown at the nonpermissive temperature of
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390C. A set of control plates for each cell type and each

dilution was also prepared. After two weeks, the number of

cell colonies per field of view were recorded.

Effect on Cell Growth

One hundred sixty thousand cells per ml were seeded

into 60 mm plates containing dilutions of Bt2cAMP in

specified growth medium which was changed every 48 hours.

LA31-NRK cells were grown in growth medium 14 (GM 14) at 330

and 39 C, uninfected NRK cells and B77-NRK cells were grown

in GM 14 at 39 C, and uninfected CEF cells were grown in

growth medium 15 (GM 15) at 330C . Cells were allowed to

grow for three days in order to allow adjustment to their

environment. At specific times the cells on the plates were

trypsinized with one ml of 0.22% trypsin (in PBS without Ca

and without Mg adjusted to pH 7.4) and cell counts were made

using a hemocytometer.

Effect on Intracellular cAMP Levels

One hundred fifty thousand LA31 (with or without 0.2 mM

cycloheximide) and B77-NRK cells were seeded into 100

plates and were grown in growth medium 14 (GM 14) at the

permissive temperature of 33 C and at the nonpermissive

temperature of 39 C. After three days dilutions of Bt2cAMP

(with or without 0.2 mM cycloheximide) in GM 14 were added

and changed every 48 hours. Four days later one set of

identical plates were trypsinized six hours after the last
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medium change and cell counts were made using a

hemocytometer. The other set was washed 4 times in cold

0.15 M NaCl in 0.01 M KP04 to remove traces of Bt2 cAMP that

could affect the results. To check for this, one set of

control plates was washed briefly with 500 mcg/ml Bt2cAMP

and was processed in an identical fashion. The cell

membranes were then dissolved in five ml of 10%

trichloroacetic acid in distilled water and frozen at

-1200C. One week later cells were warmed to 0 C, scraped

off the plates gently with a rubber policeman, sonicated for

30 seconds, and centrifuged for 15 seconds to separate

soluable and insoluable fractions. The supernatants were

extracted 30 times with saturated ethyl ether and allowed to

air dry under a stream of air at 700C and the residue was

rehydrated with one ml of distilled water. Two hundred mcl

of this rehydrated residue was mixed with 200 mcl buffer,

100 mcl cAMP 125I radio tracer and 200 mcl cAMP antisera.

After three hours of incubation at 30C, samples were

centrifuged for 15 seconds, and the supernatant was

discarded. Radiation counts were determined in a gamma

radiation counter, a log log graph was prepared from known

standards and pm cAMP per cell was determined.

Effect onf Cytoskeletal Elements

Cytoskeletal elements were made visible by two methods.

Method I: After sterilization in 80% ethanol and distilled

water for one week, formivar-coated transmission electron
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microscope grids were dried under ultra violet light and put

into 15 mm wells, then 1.5 x 105 uninfected NRK cells or

LA31-NRK cells were seeded into each well and allowed to

grow at the permissive temperature of 330C until the

monolayer confluency and transformation was uniform. Half

of the LA31-NRK cells, previously incubated at the

permissive temperature of 33 C, were moved to the

nonpermissive temperature of 390C. After a three-day

incubation, 500 mcg/ml dilutions of Bt2cAMP in growth medium

14 (GM 14) was added six hours before cytoskeletal elements

were exposed by removing the cell membrane with a three

minute treatment by triton X100 detergent in a modified

pipes buffer. (See Appendix.) The cells were then fixed

with 1% glutaraldehyde in the same buffer for 45 minutes.

After a second wash to remove the glutaraldehyde, the

cytoskeletal elements were stained with 0.5% osmium

tetroxide in a modified pipes buffer. (See Appendix.)

Finally, the cells were gently washed three times in

deionized water and dehydrated with increasing

concentrations of ethanol in growth medium 14 (GM 14).

After the cells were suspended in 100% ethanol, the ethanol

was replaced with increasing concentrations of amyl acetate

diluted in ethanol until the cells were in 100% amyl

acetate. After critical point drying, intracellular

cytoskeletal elements were photographed in a transmission

electron microscope using ASA 200 BW film. Method II: 1.5
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x 105 LA31-NRK cells were seeded onto sterile glass

coverslips in the bottom of 15 mm wells. These cells were

grown in GM 14 at 330C until monolayer confluency and

transformation was uniform. As before, six hours after the

last medium change where 500 mcg/ml dilutions of Bt2cAMP in

GM 14 was added, cytoskeletal elements were exposed by first

washing the cells with Dulbeccos PBS + 10 mM EGTA and 1mM

MgSO4 . (See Appendix.) Then cell membranes were removed by

a three-minute exposure to 0.1% triton X100 detergent in the

buffer just described. After washing two times with the

buffer for a total of five minutes, intracellular elements

were stained by a 30-minute exposure to a staining solution

composed of 10% acetic acid, 40% methanol, and 0.2%

Coomassie Blue R-250 in deionized water. Cytoskeletal

structures were then photographed using the high dry lens of

a phase contrast microscope and ASA 400 color film.

ELfectQ f flt cAMP with Concurrent Tatment
f Cycloheiide a Cchidtine Inhibitors

One hundred fifty thousand LA31 and B77-NRK cells were

seeded into 15 mm wells and grown in growth medium 14 (GM

14) until monolayer confluency was complete but the tests

were performed before the percentage of transformed cells

was very high. Before and after six-hour treatments with

dilutions of Bt2cAMP and 0.1 mM colchicine or 0.2 mM

cycloheximide in GM 14, the relative per cent transformation
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was recorded for four plates per dilution using a scale of 0

to 9 as done previously.

Effect on. %aperinfectedc LA 1-hK Ceia

One hundred fifty thousand LA31-NRK cells were seeded

with 6 x 104 FFU PRA or B77 RSV into 15 mm wells and grown

in GM 14 at 390C. After seven days, cells were in a

confluent monolayer where those cells superinfected appeared

transformed amidst cells largely displaying epithelial

(untransformed phenotypes). For four test plates per

dilution of Bt cAMP, the per cent of transformed cells was

recorded before and after six-hour treatments with dilutions

of Bt2 cAMP in GM 14.



CHAPTER III

RESULTS

The effects of Bt2cAMP on transformed phenotype and RSV

replication in infected CEF cells are shown in Table I.

TABLE I

THE EFFECT OF Bt cAMP ON TRANSFORMED PHENOTYPE
AND RSV APPLICATION IN INFECTED

PRIMARY CEF CELLS AT 33 C

LA31 B77 CONTROL

Bt2 cAMP TFO*FFU** TFO*FFU** TFO*FFU**

CONTROL 4 807 7 25,700 0 0

10 mcg/ml 4 662 7 28,700 0 0

50 mcg/ml 4 694 7 28,100 0 0

100 meg/mi 4 638 7 33,900 0 0

500 meg/mi 4 527 7 21,500 0 0

*TFO--Degree
harvest.

**FFU--.Focus

of transformation at time of virus

forming units reported as FFU/ml.

Uninfected CEF cells control plates and LA31 or B77

infected CEF cells showed no significant changes in

phenotype or formation of FFU when treated with various

concentrations of Bt cAMP at the permissive temperature

33 0 C. The effects of Bt2cAMP on the transformed phenotype

of LA31 and B77-NRK cells are shown in Tables II-IV. The

16
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effects of Bt2 cAMP on LA31-NRK cells at 33 0C are shown in

Table II.

TABLE II

THE EFFECTS OF Bt cAMP ON TRANSFORMED PHENOTYPE O®F
LA31-NRK CELLS A? THE PERMISSIVE TEMPERATURE 33'C

Degree of Transformation

Time (Hours)

Bt2cAMP 0 1 2 3 4 5 6 7 8 9 10 11 12

CONTROL 9 9 9 9 9 9 9 9 9 9 9 9 9

10 mcg/ml 9 9 9 9 9 8 8 8 9 9 9 9 9

50 mcg/ml 9 9 9 9 8 5 8 8 9 9 9 9 9

100 mcg/ml 9 9 9 9 8 5 6 7 8 8 7 9 9

500 mcg/ml 9 9 9 9 7 4 4 5 5 5 4 6 9

For LA31-NRK cells at 33 C, increasing concentrations

of Bt2 cAMP displayed reversion from a transformed phenotype

to a nontransformed phenotype on increasing percentages of

cells for longer periods of time. At a concentration of 500

mcg/ml Bt2cAMP caused varying percentages of LA31-NRK cells

to revert to a nontransformed phenotype for eight hours

culminating at 70% after five hours. Those cells not

displaying this reversion may be clones which have lost

their temperature-sensitive properties. Continued treatment

after twelve hours with lower concentrations of Bt2 cAMP

caused increased percentages of transformed cells to revert
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to a nontransformed phenotype. These cells were found to

retain their nontransformed phenotype for as long as the

medium containing Bt2 cAMP was replaced every eleven hours

increasing to every forty-eight hours after two days.

Furthermore, if Bt2cAMP is not replaced, LA31-NRK cells will

return to their transformed phenotype after 11 hours. The

effect of Bt cAMP on LA31-NRK cell phenotype at the

nonpermissive temperature 39 C are shown in Table III.

TABLE III

THE EFFECT OF Bt cAMP ON LA31-NRK CELL PHENOTYPE AT
THE NON RMISSIVE TEMPERATURE 390 C

Degree of Transformation

Ti meL(Hour5)

Bt2cAMP 0 1 2 3 4 5 12

CONTROL 1 1 1 1 1 0 1

10 mcg/ml 1 1 1 1 1 1

50 mcg/ml 1 1 1 1 1 1

100 mcg/ml 1 0 1 0 1 1

500 mcg/ml 1 1 1 1 1 1

Overall LA31-NRK cells displayed about 10% or less

transformed cell phenotype at the nonpermissive temperature

390C and showed no change in phenotype when treated with

dilutions of Bt2 cAMP. The effects of Bt2 cAMP on B77-NRK

cells are shown in Table IV.
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TABLE IV

THE EFFECT OF Bt cAMP ON B77-NRK
CELL PHENOTiPE AT 39

rDere2 +fTrandsfo rmion

Time (Hours)

Btc AMP 0 1 2 3 4 5 12

CONTROL 9 9 9 9 9 9 9

10 mcg/ml 9 9 7 9 9 9 9

50 mcg/ml 9 9 9 8 9 9 9

loo mcg/ml 9 9 9 9 9 9 9

500 mcg/ml 9 9 9 9 9 9 9

Overall B77-NRK cells showed no change in transformed

cell phenotype when treated with dilutions of Bt cAMP. The

effects of Bt cAMP on agar colony formation by uninfected

NRK, LA31-NRK , and B77-NRK cells are shown in Table V.

Uninfected NRK cells showed no siginificant colony

formation on agar at 39 C. LA31-NRK cells treated with

increasing concentrations of Bt cAMP at the permissive

temperature of 33C showed decreasing ability to form

colonies on agar when compared to control plates. Likewise

at the nonpermissive temperature of 39 C, LA31-NRK cells

treated with 500 mcg/ml Bt CAMP showed less colony formation

than the cells on the control plates while all other
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TABLE V

THE EFFECT OF Bt cAMP ON AGAR COLONY FORMATIO& BY
UNINFECTEDJIRI 2 CELLS, LA31-NRK CELLS&AT 33 C

OR 39 C AND B77-NRK CELLS AT 39 C

Colonies in Agar per Million Cells

Bt 2cAMP NRK LA31-NRK LA31-NRK B77-NRK

39 C 33 C 39C 39C

CONTROL 0 3.46 0.35 2.74

10 mcg/ml 0 2.73 1.24 1.74

50 mcg/ml 0 1.76 0.54 1.24

100 mcg/ml 0 1.21 0.42 0.01

500 mcg/ml 0 0.46 0.25 0.11

concentrations of Bt2 cAMP actually showed increasing

abilities to form colonies. B77-NRK cells treated with

concentrations of Bt2 cAMP at 39 C also showed a decreasing

ability to form colonies when compared to control plates.

The effect of Bt2cAMP on cell growth is shown in Tables VI

through X. The effect of Bt2cAMP on cell growth of LA31-NRK

cells at 330C is shown in Table VI.

LA31-NRK cells displayed increased growth rates when

treated with increasing concentrations of Bt2cAMP. Cells

treated with 100 mcg/ml Bt2cAMP showed a 69% increase in

growth at 137 hours when compared to the cells on the

control plates. Cells treated with 500 mcg/ml Bt2 cAMP

showed slower growth, only increasing 27% above the cell
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growth on the control plates after 137 hours. Also, lower

dilutions of Bt2cAMP showed smaller growth stimuli according

to the concentration of Bt2 cAMP present in the growth

medium. The effects of Bt2cAMP on LA31-NRK cells at the

nonpermissive temperature 390C are shown in Table VII.

TABLE VI

THE EFFECT OF Bt cAMP ON LA31-NRK CELL GROWTH
AT THE PER SSIVE TEMPERATURE 33OC

Cell Growth x 105

Time (Hours)

Bt2 cAMP 0 42 66 88 117 137

CONTROL 1.6 1.9 2.6 1.7 2.1 2.6

10 mcg/ml 1.6 2.2 2.2 3.0 3.5 3.7

50 mcg/ml 1.6 1.9 2.5 3.1 3.5 4.3

100 mcg/ml 1.6 2.3 2.7 3.7 3.9 4.4

500 mcg/ml 1.6 1.9 2.6 3.2 3.6 3.2

LA31-NRK cells at the nonpermissive temperature of 390C

showed reduced cell growth as the concentrations of Bt2cAMP

were increased. The effects of Bt2cAMP on cell growth of

uninfected NRK cells are shown in Table VIII.

Uninfected NRK cells at 390 C treated with 100 and 500

mcg/ml concentrations of Bt2cAMP showed an initial

stimulatory effect followed by decreased growth. Cells
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TABLE VII

THE EFFECT OF Bt CAMP ON LA31-NRK CELL GROWTH
AT THE NONPERMISSIVE TEMPERATURE 39 C

Cell Growth x 105

Time (Hours)

Bt2cAMP 0 42 66 88 117 137

CONTROL 1.6 1.7 1.7 1.8 2.7 3.2

10 mcg/mI 1.6 1.6 1.7 1.8 2.4 2.7

50 mcg/ml 1.6 1.6 1.6 1.7 1.8 1.9

100 mcg/m:L 1.6 1.7 1.7 1.8 1.8 1.9

500 mcg/ml 1.6 1.7 1.6 1.4 1.1 0.9

TABLE VIII

THE EFFECT OF Bt cAMP ON UNINFECTED
NRK CELL GROWTH AT 39 C

Cell Growth x 105

Time (Hours)

Bt2cAMP 0 42 66 88 117 137

CONTROL 1.6 3.9 14.4 186.4 230.4 284.4

10 mcg/ml 1.6 2.7 12.0 38.4 18.6 10.6

50 mcg/ml 1.6 1.6 30.8 27.0 17.4 8.7

100 mcg/mL 1.6 7.5 12.0 17.1 12.3 12.0

500 mcg/mL 1.6 7.5 5.7 6.0 1.2 0.0
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treated with 500 mcg/ml Bt2 cAMP showed 100% cytotoxicity at

137 hours. The cells in the control groups showed more

growth than the other infected NRK cells control groups. A

possible explanation for this is because these uninfected

NRK cells came from Doctor M. C. Wu's lab and are a

different strain of NRK cells. Also it has been noted that

these cells have certain spontaneous transforming

characteristics and so may not behave as normal NRK cells

do. The effect of Bt2cAMP on cell growth of B77-NRK cells

are shown in Table IX.

TABLE IX

THE EFFECT OF Bt cAMP ON B77-NRK
CELL GROW AT 39 C

Cell Growth x 105
Time (Hours)

Bt2cAMP 0 42 66 88 117 137

CONTROL 1.6 1.5 2.1 2.5 4.3 6.3

10 mcg/ml 1.6 1.7 2.1 1.9 4.4 6.4

50 mcg/ml 1.6 1.8 2.3 3.4 4.7 6.6

100 mcg/ml 1.6 1.9 2.0 2.2 3.0 3.6

500 mcg/ml 1.6 2.4 2.2 1.8 2.1 2.0

B77-NRK cells at 390C showed stimulation of growth for

groups treated with 10 and 50 mcg/ml concentrations of

Bt2cAMP. Those groups treated with 100 and 500 mcg/ml
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concentrations of Bt2 cAMP showed decreased cell growth or

cytotoxicity after 42 hours. The effects of Bt2cAMP on cell

growth of uninfected CEF cells are shown in Table X.

TABLE X

THE EFFECT OF Bt cAMP ON UNIgFECTED
CEF CELL GROWTH AT 33 C

Cell Growth x 105

Time (Hours)

Bt2cAMP 0 42 73 106 141 197

CONTROL 5 5.8 7.4 9.8 7.6 7.7

10 mcg/ml 5 5.9 8.1 8.5 6.0 6.7

50 mcg/ml 5 5.6 7.0 8.9 9.1 9.9

100 mcg/ml 5 5.4 7.3 9.6 11.0 12.4

500 mcg/ml 5 7.0 8.5 9.7 12.0 13.8

Uninfected CEF cells at 330C showed a definite

stimulation of cell growth with concentrations of Bt2cAMP

above 10 mcg/ml. The effects of Bt2cAMP on intracellular

cAMP levels are shown in Table XI.

LA31-NRK cells at 330C showed increased intracellular

levels of cAMP as the concentrations of Bt2 cAMP were

increased. Conversely at 330C, identical cell groups

treated concurrently with 0.2 mM Cycloheximide showed the
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TABLE XI

THE EFFECT OF Bt cAMP ON INTRACELLULAR cAMP LEVELS
OF LA31 AND B77-NRK AND ON LA31-NRK CONCURENTLY

TREATED WITH 0.2 mM CYCLOHEXIMIDE AT 33 C

Approximate pm cAMP/cell

LA31 LA31* LA31 B77
NRK NRK NR6 NR
33 C 33 C 39 C 39 C

Bt2cAMP pm cAMP pm cAMP pm cAMP pm cAMP

CONTROL A 1.1x10-3  2.3x10-2  7.1x10-4 3.9x10-4

CONTROL B 0.5x10-3 3.8x10-2 -- 5.6x10-4

10 mcg/ml 0.6x10-3 1.5x10-2 1.8x10-3 4.8x10-4

50 mcg/ml 1.4x10-3 1.4x10-2 1.8x10-3 1.6x10-3

100 mcg/ml 2.3x10-3  2.3x10-2  1.7x10-3 1.9x10-3

500 mcg/ml 6.4x10-3 2.9x10-1 6.7x10-3 2.2x10-3

*With 0.2 mM Cycloheximide added. CONTROL A--Briefly
washed with 500 mcg/ml Bt cAMP and rinsed before counting.
CONTROL B--Not washed as above before counting.

highest intracellular levels of cAMP increasing as the

concentrations of Bt2 cAMP were increased. LA31 and B77-NRK

cells at 390C in similar fashion showed increased

intracellular cAMP levels as the concentrations of Bt2 cAMP

were increased. Note that LA31-NRK control cells at 390 C

show low intracellular cAMP levels when compared to the

wild-type B77-NRK cells. The effects of 500 mcg/ml Bt2 cAMP

on cytoskeletal elements of uninfected NRK cells and

LA31-NRK cells are shown in Figures 1 through 9. (See

Appendix.) In Figure 1 (see Appendix), LA31-NRK cells at
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the permissive temperature 33 C were photographed in a

transmission electron microscope (TEM) at 5,500x. This cell

in anaphase shows few cytoplasmic microtubules extending in

parallel bundles near the cell surface or composing spindle

fibers seen with attached anaphase chromosomes. In Figure

2, LA31-NRK cells at 33 C (TEM 4,250x) were treated with 500

mcg/ml Bt2cAMP replaced every 48 hours for six days and

seven hours. This cell shows many cytoplasmic microtubules

seemingly in branching bundles extending away from the

center. In Figure 3, LA31-NRK cells at 33 C photographed

with a phase contrast microscope (PM) at 440x show no

microtubules and a small diameter sheet of microfilaments

extending away from the center. In Figure 4, LA31-NRK cells

at 33 C treated with Bt2cAMP as in Figure 1 (PM 440x), show

many microtubules and microfilaments in a matrix two or

three times larger in diameter than those in Figure 3. In

Figure 5, LA31-NRK cells at the nonpermissive temperature

39C (TEM 4,250x), show many cytoplasmic microtubules

extending from the center in such a way that they overlap

other microtubules forming a complex matrix of microtubules.

In Figure 6, LA31-NRK cells at 39 C (TEM 4,250x), when

compared to control cells in Figure 5, showed increased

microtubule length and a strong tendency to gather

themselves into bundles when treated with Bt2cAMP, as in

Figure 1. In Figure 7, uninfected NRK cells at 39C (TEM

2,925x) show few cytoplasmic microtubules extending from the
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center forming a small irregular matrix. In Figure 8,

uninfected NRK cells at 39 C (TEM 7,000x) when compared to

control cells in Figure 7, showed increased microtubule

length and again as in Figure 6 and Figure 1, a strong

tendency to gather themselves into bundles when treated with

Bt2 cAMP, The effect of Bt2 cAMP on the phenotype of LA31 and

B77-NRK cells at 33 C and 39 C, while concurrently treated

with 0.1 mM colchicine or 0.2 mM cycloheximide are shown in

Table XII.

TABLE XII

THE EFFECT OF Bt cAMP ON THE TRANSFORMED PHENOTYPE
OF LA31 AND 77-NRK CELLS AT 33 C AND 39 C,

WHILE CONCURRENTLY TREATED WITH 0.1 mM
COLCHICINE OR 0.2 mM CYCLOHEXIMIDE

Degree of Transformation

Time (Hours)

+0.1 mM Colchicine +0.2 mM Cycloheximide
bA31-NRK0  B77-NRK A31-NRK0  B77-NRK

33 C 39C 39 0 C 33 C 39C 390C
Bt2cAMP Ohr 6hr Ohr 6hr Ohr 6hr Ohr 6hr Ohr 6hr Ohr 6hr

Control A 7 7 0 0 5 5 3 3 1 1 7 7

Control B 4 4 1 1 6 6 4 3 0 0 7 6

10 mcg/ml15 3 1 1 5 5 3 4 1 1 7 7

50 mcg/ml16 5 1 1 5 5 3 4 0 0 7 7

100 mcg/ml16 4 1 2 5 5 3 6 0 0 6 6

500 mcg/ml15 2 1 1 5 6 4 7 1 1 6 6

Control A--With 0.1 mM colchicine or 0.2 mM
cycloheximide. Control B--Growth medium only.
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LA3I-NRK cells at 3300 treated with Bt2CAMP

concurrently with 0.1 mM colchicine showed less transformed

phenotype as concentrations of Bt cAMP were increased as in

Table II, but to a lesser extent while LA3l and B377-NRK

cells at 3900 showed no change in phenotype when treated in

similar fashion. LA31-NRK cells at 330C treated with

concentrations of Bt CAMP concurrently with 0.2 mM

cycloheximide showed a more transformed phenotype as

concentrations of Bt2cAMP and associated cAMP levels were

increased, LA31 and B77-NRK cells at 390C showed no change

in phenotype. The effect of Bt2cAMP on superinfected

LA31-NRK cells at the nonpermissive temperature 390C is

shown in Table XIII.

LA31-NRK cells at 390C showed a low incidence of

superinfection by B77 or PRA RSV only transforming 0 to 50%

of those cells in a given field of view. Overall Bt2cAMP

had no effect on the transformed phenotype of superinfected

LA31-NRK cells.
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TABLE XIII

THE EFFECT ON PRA AND B77 RSV SUPERINFECTION OF
LA31-NRK CELLS AT THE NONPERMISSIVE

TEMPERATURE 39 C

Degree of Transformation

Time (Hours)
B77 RSV PRA RSV

Bt cAMP 0 72 0 72

Control A 2 3 3 --

Control B 0 0 1 1

10 mcg/ml 4 4 5 5

50 mcg/ml 3 2 2 1

100 mcg/ml 1 1 2 2

500 mcg/mi 5 5 4 4

Control A--Superinfected LA31-NRK cells at 390C.
Control B--Nonsuperinfected LA31-NRK cells at 390C.



CHAPTER IV

DISCUSSION

At the permissive temperature 33 0C, nt cAMP caused no

change in the phenotypic expression of transformation or

inhibition of viral production in chick embryo fibroblasts

(CEF) infected with LA31, a temperature-sensitive Rous

sarcoma virus (RSV) or B77, a wild-type Rous sarcoma virus

(RSV). However, when normal rat kidney (NRK) cells infected

with LA31 and B77-RSV were treated with increasing

concentrations of Bt cAMP, those NRK cells infected with

LA3I RSV (LA3I-NRK) showed increasing percentages of cells

with a normal epithelial morphology at 33%, the permissive

temperature.

NRK cells infected with B77-RSV (B77-NRK cells) as well

as LA31-NRK cells at the nonpermissive temperature of 390C

showed no changes in morphology when treated with various

dilutions of Bt cAMP. A possible reason why increasing

concentrations of Bt cAMP show no effect on the transformed

morphology of LA31 infected CEF cells at 33 C might be

related to the fact that in its natural host CEF cells, a

higher temperature of 410 C is required to inhibit the

morphological characteristics of transformation.

30
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Growth experiments with LA31-NRK cells and uninfected

CEF cells at 33 C showed that increasing concentrations of

Bt2cAMP caused cell growth rates to increase reaching a

maximum with the 100 mcg/ml concentration. B77-NRK cells at

39 C also showed some stimulation of growth but only at 10

and 50 mcg/ml concentrations of Bt2cAMP. Higher

concentrations of 100 and 500 mcg/ml showed definite

cytotoxicity for B77-NRK cells at 390C. Uninfected NRK

cells and LA31-NRK cells at 39C showed increasing

cytotoxicity as concentrations of Bt2cAMP were increased.

The action of the temperature-sensitive mutants

defective sarcoma gene (src) is in some fashion, involved

with the action of Bt2cAMP in causing LA31-NRK cells to lose

their morphological expression of transformation at the

permissive temperature of 33 C. With the knowledge that

transformed cells assume a more normal morphology during

cell division, is it possible that at 33C Bt2cAMP might

alter cell morphology by stimulation of cell division,

thereby causing cells to assume a nontransformed like

morphology? Clearly, only at 33 C does Bt2cAMP promote

stimulation of growth. Whether Bt2 cAMP acts to stimulate

loss of transformed morphology on its own or whether it

requires the interaction of the sarcoma gene (src) to

stimulate cell division, causing the loss of transformed

morphology, still is not clear.
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Increasing concentrations of Bt2cAMP caused an

increased reduction of cell colony formation on agar for

LA31-NRK cells at 330C while stimulating their formation

from LA31-NRK cells at 390C except for the 500 mcg/ml

concentration (which we already know to be cytotoxic). Also

for B77-NRK cells at 390C increasing the concentrations of

Bt2cAMP caused an increasing reduction of cell colony

formation on agar. Investigation of why there is decreased

cell colony formation on agar by LA31-NRK cells at 330C and

B77-NRK cells at 390C, while LA31-NRK cells displayed

increased colony formation, may reveal clues to a possible

site and genetic mechanism of interaction for Bt2cAMP with

LA31-NRK cells. Increased cell colony formation by LA31-NRK

cells at 330C might be expected because of the stimulation

of cell growth by Bt2cAMP, but instead we see fewer cell

colonies as the concentration of Bt2 cAMP is increased. This

is possibly explained by the appearance of cells showing a

nontransformed morphology with increasing incidence as the

concentration of Bt2cAMP was increased. B77-NRK cells show

no such morphology change, so what causes B77-NRK cells to

show decreased colony formation on agar at 390C? As we know

from our growth experiments, B77-NRK cells treated with

concentrations above 50 mcg/ml show cytotoxicity at 137

hours and it is possible that with the long incubation time

of 336 hours required for the agar colony assay, this

cytotoicity might also be seen at the 10 and 50 mcg/ml
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concentrations. Since cytotoxicity results in less cell

growth, we would expect fewer colonies as the concentration

of Bt2cAMP is increased, and my data supports this. There

is an almost identical situation for LA31-NRK cells at 39C,

except for the fact that there are more colonies formed by

cells treated with concentrations of Bt2cAMP under 500

mcg/ml than there are for control cells. Since treatment

with increasing concentrations of Bt2cAMP cause increasing

cytotoxicity for LA31-NRK cells at 39 C fewer colonies are

formed. The only possible reason why these cells would form

colonies is that the src transforming protein (pp 60src) was

somehow produced. Because an association between increased

growth by stimulation of the src gene through treatment with

increased concentrations of Bt2cAMP has already been

established, Bt2cAMP may also stimulate the src gene to

produce pp 6 0src resulting in more colonies, until the

concentrations of Bt2cAMP are so toxic to the cells that

colony formation is reduced. Now with a suspect mechanism

for stimulation of LA31-NRK cells, I was interested in

determining how Bt2cAMP exerted its observed effects.

A careful study of available literature revealed that

in normal fibroblasts the level of Cyclic adenosine

monophosphate (cAMP) regulates cell shape, motility,

adhesiveness to the substratum, and the synthesis of many

macromolecules. In transformation the "transforming agent"

lowers cAMP levels as a result of inactivation of the
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synthetic enzyme Adenylate cyclase in the plasma membrane

and or activation of the degredative enzyme

Phosphodiesterase (8). My work has shown that cAMP levels

increased in response to treatment with increased

concentrations of Bt2cAMP for all cell lines tested. These

increases in intracellular cAMP levels are probably caused

by inhibition of cAMP Phosphodiesterase (6). B77 control

groups at 390C showed the lowest levels of cAMP and

suprisingly these were followed closely by the LA31-NRK

cells control groups at 390C, the nonpermissive temperature.

LA31-NRK cells control groups at 330C were still higher and

the highest cAMP levels were seen for LA31-NRK cells control

groups at 33C concurrently treated with 0.2 mM

cycloheximide. Because cycloheximide inhibits total

cellular protein synthesis, the transforming src protein is

not produced causing transformation specific changes to

disappear (1) and cAMP levels to increase. Having

established that Bt2cAMP increases intracellular cAMP levels

as concentrations of Bt2cAMP are increased, I was interested

in the mechanism by which increases of intracellular cAMP

cause the observed loss of transformed morphology, and

inhibition of colony formation of agar for LA31-NRK cells.

The maintenance of cell shape is thought to be due in part

to the presence of cytoplasmic microtubules.

Diminished cytoplasmic microtubules in viral

transformed cells have been shown to be related to altered
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cell shape and diminished cAMP levels (4; 10; 11).

Microtubules found in the cytoplasm of all eukaryotic cells

are 20 to 27 nm thick and are composed of A and B tubulin.

Microtubules function as a part of the cytoskeleton

participating in changes of cell shape and transportation of

macromolecules in the cells interior (as in the golgi body

complex). Evidence of the importance of microtubules can be

demonstrated by the inhibition of microtubule formation by

0.1 mM colchicine (4). The remaining proteins found in the

cytoskeleton of eukaryotic cells are actin and myosin which

make up microfilaments 4 to 5 nm thick. Changes in cell

shape and motility can be traced to contraction of this

intracellular actomyosin (4,13). Also, a correlation was

found between sensitivity to anchorage dependent growth

control (inhibiting agar colony growth) and the presence of

microfilaments in a 3-D matrix 100 nm thick just under the

cell membrane and in subcortical sheaths (9). LA31-NRK

cells at 330C showed a definite increase in the number of

microtubules and microfilaments after treated for six days

and seven hours with 500 mcg/ml Bt2cAMP. As my results have

shown, treatment with Bt2cAMP cause increases in

intracellular cAMP levels. LA31-NRK cells at 33 C treated

with increasing concentrations of Bt2cAMP lose their

transformed morphology and cytoplasmic microtubules increase

in number. Concurrently, the microfilament matrix increases
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in diameter causing a renewal of anchorage dependent growth

so that colonies will not form on agar.

How does Bt2 cAMP act to cause the observed changes in

LA31-NRK cells at 33 C? We have established that

cytoskeletal changes should and do coincide with increases

in intracellular cAMP levels which are increased as a result

of inhibition of the degredative enzyme Phosphodiesterase by

Bt2cAMP. But, when LA31-NRK cells are treated with Bt2cAMP

concurrently with 0.1 mM colchicine (a powerful microtubule

inhibitor), there is no apparent effect on the ability of

increasing concentrations of Bt2cAMP to cause an increasing

loss of transformed morphology. This indicates that the

polymerization of cytoplasmic microtubules is only another

effect of treatment of LA31-NRK cells with Bt2cAMP, not the

cause of the observed loss of transformed morphology. This

would indicate that the polymerization of cytoplasmic

microfilaments causes restoration of more normal cell

morphology. Literature suggests that my observation of the

renewal of anchorage dependent growth in LA31-NRK cells may

be related to this polymerization of cytoplasmic

microfilaments.

Experiments with 0.2 mM cycloheximide, a powerful

inhibitor of protein synthesis, concurrently applied with

increasing concentrations of Bt2 cAMP to LA31-NRK cells at

33 C caused the percentage of cells with transformed

morphology to increase while control cells showed no change.
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This was an important clue because Ash, Vogt and Singer had

previously shown that even lower concentrations of

cycloheximide causes closely related LA23-NRK cells at the

permissive temperature of 33 C to revert to a nontransformed

morphology after 12 hours of exposure, supporting the

existence of the transforming protein. Furthermore, they

showed that protein synthesis is not required for the

intracellular myosin-containing complex to revert from a

disordered transformed state to orderly nontransformed

state. This suggests that the product of the transforming

src gene directly or indirectly causes the disaggregation of

the myosin-containing complex in the process of

transformation (1). Because it is certain that my dilution

of cycloheximide, roughly 1000 times greater than the one

Ash, Vogt and Singer (1) have used, had completely stopped

the synthesis of the transforming src gene protein, and

because it had been reported that protein synthesis

inhibitors such as cycloheximide did not inhibit the action

of Bt2cAMP (8), it was obvious that increasing

concentrations of Bt2 cAMP concurrently treated with 0.2 mM

cycloheximide caused cellular transformation of LA31-NRK

cells at the permissive temperature 33C. This is supported

by my findings that LA31-NRK cells form colonies at the

nonpermissive temperature of 39 C. To understand how this

is possible, an understanding of how the src gene product

causes transformation of LA31-NRK cells at the permissive
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temperature of 33 0C is necessary. Available literature

suggests that the transforming src gene product may be a

cyclic AMP independent protein kinase (7) pp 60src (the

transforming protein), which phosphorylates attachment of

phosphate ions and numerous proteins; directly affecting

their functions precipitating a cascade of secondary events.

Most pp 60src binds to adhesion plaques on the cell membrane

causing their dismantlement by phosphorylation of a tyrosine

unit of vinculin, a constituent of normal adhesion plaques

(3). Tyrosine is also known to have a role in the

regulation of growth in normal cells and may explain the

increased growth of LA31-NRK cells at 330C and normal CEF

cells when treated with Bt2cAMP (2). Since properties of

adhesion have been found to be related to microfilament

organization (12) and other data suggests that the src gene

product becomes associated with cytoskeletal structures of

cells infected with Rous sarcoma viruses during

transformation (5), it is probable that pp 60src controls

some elements of transformation through direct

phosphorylation of microfilaments. Monique Castagna,

Palmer, and Walsh have shown that rat liver cells treated

with similar concentrations of Bt2cAMP produce a metabolite

N6BtcAMP which has been indicated to be 35% to 80% as potent

as cAMP in the stimulation of cAMP dependent protein kinase

activity (6).
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When superinfected LA31-NRK cells displaying

transformed morphology at the nonpermissive temperature of

390C were treated with dilutions of Bt cAMP, no change in

the morphology of the transformed cells was observed. This

may indicate that Bt2cAMP is only capable of inhibiting the

defective src gene product.
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APPENDIX

Groth Media _4. (i _4.)

100 parts F-10 lx
10 parts tryptose phosphate broth
8 parts newborn calf serum
1 part 100 u penicillin 100 mcg/ml streptomycin complex

Growth Media 15 (A 5)

100 parts F-10 lx Medium
10 parts tryptose phosphate broth
8 parts newborn calf serum
2 parts chicken serum
1 part 100 u penicillin, 100 mcg/ml streptomycin complex

QiUy jMedium

60 parts Eagles 2x Medium
20 parts H:20
10 parts newborn calf serum
8 parts tryptose phosphate broth
4 parts chicken serum
1 part 100 u penicillin, 100 mcg/ml streptomycin complex

Cloning AsaL

66% Overlay
Medium

33% (1.8%)
Agar

NntrinA Mr

50% Overlay
Medium

50% (1.8%)
Agar
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Dulbeccos PBS Buffer

CaCl x 2120
NaCl
Na HPO x 7H20

KGC
CaCI x 210
MgCl x 6H20

Modified Pipes Buffer

12 ml (60
10 ml (10

5 ml (25
2 ml ( 2

mM) Pipes Buffer
mM) EGTA
mM) Hepes Buffer
mM) MgS04

Inorganic Salts

CaCl2 (anhydrous)

FeS01 x 7H20

KCl

KH2PO

MgSO (anhydrous)

NaCl

NaHCO
3

Na 2PO (anhydrous)

ZnSO x 7H20

CuSO x 5H20

Fe(NO3)3 x 910H2

Nail2PG x H20

F-10 Medium
mag/liter

33.2

0.831

285.0

83.0

74.62

7,400.0

1,200.0

153.53

0.0288

0.00249

0.0

0.0

Eagles Medium
mr./liter

200.0

0.0

285.0

0.0

97.7

6,400.0

3,700.0

0.0

0.0

0.0

0.1

125.0
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130
8,000
2,160

200
200
130
100

mg/ 1
mg/I
mg/1

It

I,

'i
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Other Components

Glucose

Hypoxanthine

Lipoic Acid

Phenol Red

Sodium Pyruvate

Thymidine

Amino Acids

L-Alanine

L-Arginine HCl

L-Asparaginine (anhydrous)

L-Cysteine HC1 x H20

L-Glutamic Acid

L-Glutamine

Glycine

L-Histidine HCI x H20

L-Isoleucine

L-Leucine

L-Lysine HCI

L-Methionine

L-Phenylalanine

L-Proline

F-10 Medium
ma/liter

1,100.0

4.080

0.200

1.20

110.00

0.727

8.91

211.00

15.00

35.10

14.70

146.20

7.51

23.00

2.60

13.10

29.30

4.48

4.96

11.50

Eagles Medium
mmg/liter

1,000.0

0.0

0.0

15.0

110.0

0.0

0.0

84.0

0.0

0.0

0.0

584.00

30.00

42.00

104.80

0.0

146.50

30.00

66.00

0.0
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AinoiaQ Acid ( n'd)

L-Serine

L-Threonme

L-Tryptophan

L-Tyrosie

L-Valime

L-Cystine x 2HC1

L-Leucine HCI

F-10 Medium
ma/liter

10.50

3.57

0.60

1.81

3.50

0.0

0.0

Eagles Medium
mg/Iiter

42.00

95.20

16.00

72.00

93.60

62.59

104.80

Vitamins

D-Biotin

Choline Chloride

Folic Acid

Myo-Inositol

Nicotinamide

D-Ca Pantothenate

Pyridoxine HCL

Riboflavin

Thiamine HCL

Vitamin B-12

i-Inosito 1

0.024

0.698

1.320

0.541

0.615

0.715

0.206

0.376

1.012

1.360

0.0

0.0

4.0

4.0

0.0

4.0

4.0

0.0

0.4

4.0

0.0

7.0
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Figure 1
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I

Figure 5 Figure 6
LA31-NRK LA31-NRK

39 0C -Bt 2cAMP 39C +Bt2cAMP
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