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A B S T R A C T  

Swiss 3T3 cells exhibit contact-regulated cell growth and have a lower ability to transport 
2-deoxyglucosc than polyoma (Py)-transformcd 3T3 cells. Py3T3 cells treated with dibutyryl 
cyclic adenosine 3'5' monophosphatc (dBcAMP) and theophylline have reduced cell 
growth and transport 2-dcoxyglucose at the same rate as normal 3T3 cells. Evidence that 
the cessation of cell growth and reduced transport abilities in Py3T3 cells does not represent 
a return to contact-regulated growth comes from the following observations. First, treating 
high density Py3T3 cells with dBcAMP allows more than two doublings of cell number, 
even though ability to transport 2-deoxyglucose is returned to levels equal to those of normal 
3T3 cells. Second, dBcAMP prevents serum-stimulated increases in 2-deoxyglucose trans- 
port in Py3T3 but not in 3T3 cells. 

Growth of normal cells is characterized by density- 
dependent regulatory control of cell division. 
Spontaneous or virally-transformed cells lack 
growth control and continue to divide even when 
in contact with other cells. These phenomena have 
led to the current dogma that cell surface altera- 
tions are primary in neoplastic transformation. 
Two biological parameters, agglutination by plant 
lectins and transport, have been used to study cell 
surface alterations in transformed cells. 

Studies using plant lectins have shown that 
RNA and DNA virus-transformed cells are agglu- 
tinated by much lower concentrations of wheat 
germ agglutinin (WGA) or concanavalin A than 
their normal counterparts (14).  Since dilute 
protease treatment renders normal cells agglu- 
tinable at low lectin concentrations, it is believed 
that the differences are primarily architectural 
(2, 5). The involvement of these changes in growth 
control is evidenced by observations that dilute 
protease treatment can stimulate contact-inhibited 
cells to divide (6, 7). Reversion of transformed cells 

to contact-regulated cell growth by addition of 
trypsinized concanavalin A further implicates 
these cell surface sites in contact inhibition (8). 
Further support for this notion comes from the 
recent report that concentrations of lectins re- 
quired for agglutinating chick cells transformed by 
a temperature-sensitive mutant of Rous sarcoma 
virus (RSV) were low at the permissive tempera- 
ture for transformation and high at the nonper- 
missive temperature for transformation (9). 

The transport of amino acid analogues, uridine, 
and sugars, including 2-deoxyglucose, has been 
reported to be altered in transformed cells (10-14) 
In every case, the transformed cells are capable of 
taking up nutrients at much greater rates than 
their normal counterparts This phenomenon is 
related to growth control since the growth re- 
sponse seen when fresh serum is added to contact- 
inhibited normal cells is accompanied by rapid in- 
creases in the rates of transport of uridine and 2- 
deoxyglucose (11, 15, 16). In addition, treating 
normal cells with dilute trypsin causes a rapid 
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st imulat ion in 2-deoxyglucose uptake (16). As was 
observed in studies using lectins, chick cells trans- 
formed by temperature-sensit ive mutan t s  of RSV 
are t empera ture  sensitive in 2-deoxyglucose 
t ranspor t  (17). 

In  the past year, cyclic adenosine 3P5 t mono-  

phosphate  (cAMP) has been implicated in the 
regulat ion of cell growth. These conclusions re- 
suited from the observation tha t  add ing  dibutyryl  
cyclic adenosine 315 ' monophospha te  (dBcAMP) 
altered the morphology of t ransformed cells 
grown in tissue culture (18, 19). The  most clear-cut  
demonst ra t ion  of the involvement  of dBcAMP in 
growth control came from studies of 3T3 cells 
t ransformed by polyoma virus (Py3T3) (21). 
Adding  dBcAMP and theophyll ine to Py3T3 cells 
caused a cessation of cell division at  cell densities 
where 3T3 cells exhibi t  contact-regulated 
growth. T h a t  this phenomenon  was related to cell 
surface alterations was shown by the fact tha t  bo th  
3T3- and  dBcAMP-t rea ted  Py3T3 cells require 
m u c h  higher  concentrat ions of W G A  for agglu- 
t inat ion than  do Py3T3 cells (20). Evidence has 
now been presented tha t  t ransformed cells have  
reduced levels of c A M P  as compared  with normal  
cells, and  tha t  t rea tments  with fresh serum and  
proteases could cause a rapid drop in the c A M P  
levels of normal  cells (21, 22). 

In  this communicat ion,  effects of dBcAMP on 
growth and  2-deoxyglucose t ranspor t  have been 
determined.  We have a t t empted  to ask whether  
al terat ions caused in t ransformed cells by dBcAMP 
leads to a m e m b r a n e  which exhibits properties 
similar to tha t  of normal  cells. 

M E T H O D S  

3T3 and Py3T3 cclls were obtained from Dr. Howard 
Green, Massachusctts Institute of Tcchnology and 
from Dr. Jack R. Sheppard, University of Colorado 
Medical School. Cells were grown in media com- 
posed of Eagle's minimal essential medium (Grand 
Island Biological Co., Grand Island, N. Y.) with 
four times the usual conccntration of vitamins and 
amino acids (4 X MEM),  10% fetal bovine serum 
and penicillin and streptomycin at concentrations of 
76 U and 50 /zg per ml, respectively. Cell lines were 
routinely tested and found to be negative for myco- 
plasma contamination. Ceils were grown in 35-ram 
tissue culture dishes containing 2 ml of medium. For 
measurements of cell saturation densities in the pres- 
ence and absence of dBcAMP, control medium or 
medium containing 2 mrn of theophyIline and 0.2 
m M  dBcAMP was changed each day during the 
course of the experiment. Uptake of 2-deoxy[3H] - 

glucose was measured by methods similar to those 
described previously (16). Cells in a monolayer were 
washed with warmed PBS (0.8% NaCI, 0.05% KC1, 
0.001 M KPO4, pH 7.4, and containing 100 mg/li ter  
CaCI2 and MgC12). 1 ml of PBS containing 0.25 #Ci 
of 2-deoxy[3H]glucose (New England Nuclear Corp., 
Boston, Mass. ; sp act 7.2 Ci/mmole) was then added. 
After 10 min at 37°C, cells were washed four times 
with 2 ml of ice-cold PBS. Washed cells were dis- 
solved in 1 ml of Lowry C solution. One aliquot was 
neutralized by adding 100% trichloroacetic acid 
(TCA) and placed in a scintillation vial containing 
I0 ml of Patterson-Greene solution (23). Radio- 
activity was determined in a Beckman LS250 scin- 
tillation counter. A second aliquot was used for pro- 
tein determination by the method of Lowry et al. 
(24). 

dBcAMP Effects on Growth and Transport 

Py3T3 ceils are not sensitive to density-dependent 
growth, and form multilayered colonies on tissue 
culture dishes. Adding dBcAMP and theophylline 
to Py3T3 cells results in an inhibition of cell division 
at  cell densities similar to the limiting growth densi- 
ties of normal 3T3 cells (Fig. 1). This confirms results 
reported previously (20). Measurements of uptake 
show that  transport rates correlate with ability of 
cells to maintain uncontrolled growth. Py3T3 cells 
grown in the presence of dBcAMP and theophyIline 
are indistinguishable from 3T3 cells in ability to 
transport 2-deoxyglucose. It  has been reported that  
rates of amino acid uptake measured in cells can be 
influenced by the intracellular pools (14). Therefore, 
uptake rates of 2-deoxyglucose were measured after 
cells had been washed and incubated for up to 45 rain 
in the presence of PBS. Preincubation had no effect 
on rates of 2-deoxyglucose uptake in any of the cells. 
Time courses of uptake were linear for up to 1 h. It 
has previously been reported that levels of hexokinase 
did not differ between normal and transformed cells 
(13). The uptake rates measured in these experiments 
should therefore indicate ability of cells to transport 
2-deoxyglucose. 

Effects of Cell Density 

Measurements of uptake rates were independent 
of cell density and the length of time cells had been 
growing on plates (Fig. 2). Even transformed cells 
that had reached high densities transported 2-deoxy- 
glucose at the same rate as low density transformed 
cells. Adding dBcAMP and theophylline to Py3T3 
cells had markedly different results, depending on the 
density of the cells (Fig. 3). Cells at very low density 
were killed by addition of dBcAMP and theophylline. 
Cells at intermediate density responded to dBcAMP 
by cessation of cell division after reaching densities 
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FIGURE 1 Effect of dBcAMP on cell growth and 
2-deoxy[aH]glucose uptake. 3T3 and Py3T8 cells were 
plated on 35-mm tissue culture plates on day 0. On 
day 1, one half of the Py3T3 cells were changed to 
medium containing ~ mM theophylline and 0.2 mM 
dBcAMP. Fresh medium with or without dBcAMP and 
theophylline as indicated was changed each day on all 
plates. One plate was used for cell counts and a second 
was used for ~-deoxy[3H]glucose-uptake measurements 
on each day of the experiment. The bar graph indicates 
the average of the uptake measurements for Py3T3 
dBcAMP, control PyST$, and 3T8 cells. D, 3T3 cells. 
©, Py3T3 cells treated with dBcAMP. A, control 
Py3T'3 cells. 
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F I G U R E  ~ Effect of cell density on growth and g-de- 
oxy[aH]ghcose uptake in Py3T3 cells. On day 0, PygT3 
cells were plated on 85-ram tissue culture dishes at the 
indicated densities. Medium was changed on each day 
of the experiment. On days 1 and 4, duplicate plates 
were used for cell counts and uptake measurements. 
The bar graph shows the average of the uptake rates 
for all points in the experiment. 
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FIGURE 3 Effect of cell density on the growth and 
~-deoxy[3H]ghcose uptake in Py3T8 cells grown in the 
presence of dBcAMP. Py3T3 ceils were plated at den- 
sities of 0.2, 0.4, 1, £, and 4 X 10 5 cells per plate. On 
day 0, medium containing ~ mM theophylline and 0.~ 
mM dBcAMP was added to each plate. Medium con- 
taining theophylline and dBcAMP was changed each 
day of the experiment. On each day, one plate from cells 
at each density was used for cell counts and a second 
was used for uptake measurements. The bar graph is 
the average of uptake measurements from each day of 
the experiment. 

where 3T3 cells are contact inhibited. Cells at high 
density continued to grow even in the presence of cell 
contacts. However, the rate of 2-deoxy-glucose trans- 
port was reduced to the level of that observed in 3T3 
cells, regardless of whether cells responded with 
death, cessation of cell division, or noncontact- 
inhibited growth. When theophylline- and dBeAMP- 
treated Py3T3 cells stop dividing at cell densities 
similar to 3T3 cells, the morphology of the cell 
monolayer is quite different from that of confluent 
3T3 cells. The cells do not appear to be contact 
inhibiting, but instead are simply inhibited from cell 
division, even though there are places where there 
are no cell-to-cell contacts. Rather than suggesting 
that these cells are contact inhibited, we favor the 
explanation that addition of dBcAMP to cells above a 
critical density results in cell growth for a limited 
number of generations (less than three), regardless of 
the initial densities. If the Py3T3 cells are at the ap- 
propriate density, then addition of dBcAMP leads to 
a monolayer that does not divide when the cells 
approach the density of confluent 3T3 cells. However, 
treating high density cell populations results in cell 
divisions even in the presence of cell contacts. Other 
transformed cell lines SV40 3T3, RSV-transformed 
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FIGURE 4 Effect of fresh serum and dBeAMP on 
~-deoxy[3H]glueose t ransport  in confluent 3T3 cells. 
8 T 3  cells were grown to confluency on 35-ram tissue 
culture dishes. At t ime 0, one third of the plates re- 
ceived fresh medium, one third received fresh medium 
containing 0.~ m M  dBcAMP and ~ m M  theophylline 
and one third were controls. The  uptake of ~-de- 
oxy[~H]glucose was measured every ~ h. O, control. 
A, fresh medium, t3, fresh medium plus dBcAMP and 
theophylline. 

chick cells, and  H a m s t e r  sa rcoma  virus- t ransformed 
Nil cells (Grimes, unpub l i shed  observations) all show 
the  same growth p h e n o m e n a  in the  presence of 
dBcAMP.  Thus ,  cells responded to d B c A M P  with a 
l imited growth  which  is i ndependen t  of  cell contacts.  
Remova l  of d B c A M P  in all bu t  low densi ty cell 
cultures resulted in rapid  recovery of the  ability of 
cells to divide and  an  increase in 2-deoxyglucose 
transport .  These  effects were measurab le  within 
24 h. 

Fresh Serum Response 

Fur the r  s tudy of the  m e m b r a n e  change  which  is 
caused by t rea t ing Py3T3 cells with d B c A M P  is 
shown in Figs. 4 and  5. Conf i rming previous results, 
addi t ion of fresh s e rum to confluent  3T3 cells results 
in a s t imula t ion  of 2-deoxyglucose uptake.  Addi t ion 
of theophyll ine and  d B c A M P  did not  prevent  the  
response to fresh serum.  In  other  experiments ,  2 m M  
theophyl l ine  and  0.2 m M  d B c A M P  were added  24 
and  48 h before the  addi t ion of fresh serum,  and  still 
could not  prevent  the  s t imula t ion  of 2-deoxyglucose 
uptake.  Since d B c A M P  did not  prevent  the  s e rum 
response, and  since treated Py3T3 cells had  2-deoxy- 
glucose up take  rates smimi lar  to those of 3T3 cells, 
we asked whe the r  adding  fresh s e rum to dBcAlk~P- 
treated Py3T3 cclls would result  in s t imula t ion  of 
transport .  I n  other  words, could the  treated Fy3T3 
cells show a normal  cell response to fresh serum? T h e  
results presented in Fig. 5 show that  t reated Py3T3 
cells are not  similar to no rma l  cells by the  criteria of 
se rum-s t imula ted  2-deoxyglucose t ransport .  

T h e  t ranspor t  of  2-deoxyglucose in the  cell lines 
g rown unde r  various condit ions is shown in Tab le  I. 
Little difference was observed between growing and  

confluent  3T3 cells, and  d B c A M P  had  little effect on 
t ranspor t  in 3T3 cells. Fresh s e rum caused an  altera- 
tion in the  m e m b r a n e  of 3T3 cells such tha t  their 
t ranspor t  ability was indis t inguishable  f rom tha t  of 
Py3T3 cells. Addi t ion of theophyl l ine  and  d B c A M P  
to Py3T3 cells caused their up take  rates to be  similar  
to normal .  T h e  kinetics of the  change  in t ranspor t  
has  not  been studied in detail, bu t  upon  chang ing  

TABLE [ 

E~ect of dBcAMP and Theophylline on 2-deoxy- 
[3H]glucose Uptake by 3TS and Py3T3 Cells 

Uptake Number of 
Cell (cpm/~g protein) experiments 

3T3 g r o w i n g  138 4- 9 5 
3T3 con f luen t  113 4- 17 5 
3T3 (dBcAMP)  112 4- I0 5 
Py3T3 333 -4- 36 14 
Py3T3 (dBeAMP)  140 4- 18 8 
3T3 (fresh s e rum)  337 4- 27 2 

T h e  r a t e  of 2-deoxy[3H]glucose  u p t a k e  was meas -  
u r ed  as desc r ibed  in M e t h o d s .  T h e  u p t a k e  r a t e  for 
Py3T3 (dBcAMP)  and  3T3 (dBcAMP)  cells was de-  
t e r m i n e d  24 h af ter  a d d i n g  t h e o p h y l l i n e  a n d  dBc-  
A M P .  T h e  u p t a k e  r a t e  of 3T3 cells (fresh se rum)  
was  m e a s u r e d  6 h af ter  a d d i n g  m e d i u m  c o n t a i n i n g  
fresh se rum.  
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FIGURE 5 Effect of fresh medium and dBeAMP on 
~-deoxy[8H]glucose uptake in PyST8 cells grown in the 
presence of dBcAMP and theophylline. Cells were 
plated at  0.4 )< 10 ~ cells per 85-1nm tissue culture dish. 
The next  day, cells were changed to medium containing 

m M  theophylline and 0.~ m M  dBcAMP.  On each day, 
fresh medium containing theophylline and dBcAMP 
was added to the plates. After the  cells had stopped 
growing and were at  a densi ty similar to tha t  of con- 
tact-inhibited 8T3 cells (Fig. 1), one third of the cells 
were changed to fresh medium, one third were changed 
to fresh medium containing dBcAMP and theophylline, 
and one third were controls. The uptake of 2-deoxy[aH] - 
glucose was measured every ~ h. ©, control. A, fresh 
medium. [], fresh medium plus dBcAMP and theophyl-  
line. 
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treated Py3T3 cells to normal medium the transport 
of 2-deoxyglucose requires at least 24 h before re- 
turning to normal levels. 

D I S C U S S I O N  

Changes  in agglut inat ion and  2-deoxyglucose 
uptake  have been correlated wi th  lack of contact  
inhibi t ion (12-14, 16, 17, 25). Inh ib i t ing  cell 
growth by dBcAMP reverses the agglut inabi l i ty  
change occurr ing upon  cell t ransformat ion (20). 
Results reported here show tha t  2-deoxyglucose 
t ranspor t  is also re turned  to levels found in 
normal  cells by dBcAMP. I t  may  be tha t  bo th  
agglut inat ion and  2-deoxyglucose t ranspor t  are 
measuring related cell surface alterations. Abil i ty 
of fresh serum to bo th  st imulate cell division and  
to change 2-deoxyglucose t ranspor t  from levels of 
normal  cells to tha t  of t ransformed cells fur ther  
correlates t ranspor t  with  cell surface alterations 
leading to cell growth. Adding  dBcAMP to 
Py3T3 cells a t  various cell densities allows cell 
divisions for only a few generations. Abil i ty to 
t ranspor t  2-deoxyglucose is reduced to levels of 
3T3 cells within 24 h after adding  dBcAMP even 
though  cells are cont inuing to divide. High  
density cells are thus dividing in the presence of 
cell contacts, and  yet have normal  cellular levels 
of ability to t ranspor t  2-deoxyglucose. These 
observations coupled with the fact tha t  Py3T3 
cells t reated with d B c A M P  are incapable  of 
responding to fresh serum by increased 2-deoxy- 
glucose uptake indicate tha t  dBcAMP does not  
cause the t ransformed cell m e m b r a n e  to rever t  to 
normal .  Transformed cells t reated with dBcAMP 
at low densities stop cell division at  densities where 
3T3 cells contact  inhibit .  U n d e r  these conditions, 
the cells are not  agglut inated by low concentra-  
tions of lectin (20). I t  will be of interest  to deter-  
mine  if t ransformed cells at  h igh cell densities 
respond to dBcAMP with decreased agglutin- 
ability even though the cells cont inue to divide in 
the presence of cell contacts. These studies are in 
progress. Whe the r  c A M P  plays any role in growth 
regulat ion of normal  and  t ransformed cells is 
unknown.  These studies certainly do not  rule out  
such an  involvement.  However,  it appears  tha t  
addi t ion o f d B c A M P  to t ransformed cells does not  
re tu rn  ability to contact  inhibit ,  even though  sev- 
eral parameters  of t ransformat ion do revert  to nor- 
mal. Fur ther ,  reduced 2-deoxyglucose t ranspor t  
may  be necessary but  is not  sufficient for a re- 
tu rn  to contact - regulated growth. 
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