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In the last few years many studies have 
suggested that cyclic adenosine 3’ : 5’ mono- 
phosphate (cyclic AMP) may be specifi- 
cally involved in regulation of proliferation 
and differentiation of many types of mam- 
malian cells in vitro (1-4). In organ cul- 
tures of mouse skin, the reduction of epi- 
dermal mitosis by epinephrine is associated 
with an increase in adenyl cyclase activity 
( 5 ,  6). This finding supports results in 
other in vitro systems showing that increased 
cyclic AMP levels are inhibitory to cellular 
proliferation ( 1 ,  4) .  Recently, Voorhees 
et aE. (7 ) ,  showed that dibutyryl cyclic 
AMP, but not 5’-AMP, inhibited epidermal 
cell division in mouse skin in organ cul- 
ture. Using HeLa and L cells, Ryan and 
Heidrick ( 1 )  reported inhibition of cell 
growth by cyclic AMP but not by 5’-AMP 
or adenosine. Others who have investigated 
the role of cyclic AMP in cellular function 
either found no effect of 5’-AMP, ADP and 
ATP, or found that these nucleotides are 
toxic to cells ( 1 ,  2, 8 ) .  Thus, specificity of 
cyclic AMP has been implied. However, we 
report here a study, using primary cell cul- 
tures of normal human epidermal keratino- 
cytes, which indicates that nucleotides other 
than cyclic AMP may affect a specific 
physiological function, namely mitosis, in 
the absence of observable toxic effects. 

Materials and Methods. Normal human 
abdominal skin was obtained during sur- 
gery and cell cultures of epidermal kera- 
tinocytes were made from skin explants on 
glass coverslips according to a method de- 

scribed elsewhere (9). Each explant gives 
rise to an outgrowing sheet of epithelial cells 
whose origin from epidermal keratinocytes 
has previously been determined (9, 10). 
Four to five explants were placed on each 
coverslip. Cultures were immersed in Eagle’s 
minimum essential medium supplemented 
with 10% fetal calf serum and 100 U/ml 
each of penicillin, streptomycin and myco- 
statin. Cultures were incubated at 37” in a 
high humidity incubator in a mixture of 
5% CO, in air. 

Cultures 7-9 days old were used for all 
experiments. In each experiment the test 
compound was dissolved in culture fluid and 
then an appropriate aliquot was added to 
each test dish in order to give the desired 
final concentration. Each nucleotide was of 
highest purity and purchased from Sigma 
Chemical Co. To examine the effect of each 
compound on mitosis, the metaphase arrest 
agent, colcemid (2 pg/ml), was added 
along with the test compound. After 4 hr 
the cultures were fixed in 10% buffered 
formalin and the explants removed, leaving 
the outgrowths on the coverslip. Outgrowths 
were stained in acid hematoxylin. Controls 
containing only colcemid were run with each 
experiment. The entire number of arrested 
metaphases and the total number of cells in 
each outgrowth were determined by a 
method described by Chopra ( I  1)  and ex- 
pressed as the mitotic index (MI) .  For each 
dish, the MI was obtained for each out- 
growth and then the mean MI and standard 
deviation were calculated. The data in 
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TABLE I. Inhibition of Human Keratinocyte Mitosis in Vitro by Adenine Nticleotides. 

MI k SD” 

Percent 
Nuclcotide Conc (M) Control Test inhibition 

5’-ARIP 

ADP 

ATP 

Cyclic AMP 1 x 10-2 

1 x 10-3 

1 x 10-4 

1 x lo-” 
Dibutyryl cyclic AMP 1 x 10-3 

1 x 10-4 

1 x 10-5 

1 x 10-3 

1 x 10-4 

I x 10-5 
I x 10-3 

1 x 10-4 

1 x 10-5 

I x 10-3 

1 x 10-4 

I x 10-5 

17.8 k 2.2 

14.3 2 2.2 

14.5 2 2.2 

235 2 1.8 
24.7 2 3.0 

14.5 2 2.2 

14.5 k 2.2 

24.7 rt 3.0 

17.8 & 2.2 

17.8 rt 2.2 
19.9 & 4.7 

20.2 2 5.8 

17.8 2 2.2 

24.7 2 3.0 

24.7 rt 3.0 

24.7 k 3.0 

G.9 -r- 1.4 
(P  < 0.001) 

8.0 t 1.7 
( P  < 0.001) 

9.3 5 3.4 
( P  < 0.025) 
25.7 t 2.9 
11.0 -c 2.8 

(P < 0.001) 
7.3 +- 2.1 

( P  < 0.001) 
9.1 +- 3.3 

( P  < 0.025) 
10.2 +- 2.9 

( P  < 0,001) 
12.1 -c 3.1 

( P  < 0.025) 
19.1 3.2 
4.1 -c 1.1 

( P  < 0.001) 
10.1 2 2.1 

( P  < 0.001) 
15.1 * 3.3 

( P  > 0.100) 
10.3 -t 1.1 

( P  < 0.001) 
10.8 5- 2.5 

( P  < 0.001) 
20.8 +- 2.5 

( P  > 0.250) 

* Values with P < 0.050 arc statistically significant. 

Tables 1-111 represent one experiment for 
each concentration listed. However, for each 
compound tested at the various concentra- 
tions, two or more experiments were car- 
ried out using skin obtain,ed from different 
patients. While control values differed from 
experiment to experiment, comparable re- 
sults (% inhibition) were obtained in every 
case. Statistical evaluation was carried out 
using Student’s paired t test. Statistical sig- 
nificance was considered to be present at the 
5% level or less. 

Theophylline was not used in any of the 
experiments for two reasons. First, we were 
able to obtain significant inhibition without 
the compound. Second, it has been shown 
by a number of investigators that theophyl- 

line and other methylxanthines are not spe- 
cific in their action (12-14). 

Results. The data in Table I clearly 
shows that mitosis in human keratinocytes 
in vitro can be inhibited not only by cyclic 
AMP and its dibutyryl derivative, but also 
by ATP, ADP, and 5’-AMP. The rapid ef- 
fect (within 4 hr) indicates the mechanism 
to be via a block in the G, phase of the cell 
cycle (15), which has been shown to have 
a value of about 7 hr in this system (16). 
Strong inhibition was exhibited by all the 
adenine nucleotides at 1 X M with 
ADP being the best mitotic inhibitor. At 
1 X M, the nucleotides still showed in- 
hibition with ATP exhibiting the strongest 
effect. Dibutyryl cyclic AMP was the only 
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T.\IBLE IT. Effect of Nonadenine Xucleotides on Human Keratinocyte Xfitosis i?) f ’ i f j  o.  

Percent 
Nucleotide Conc (Mj Control Test inhibition 

5’- G hi  1) 

Cyclic GMP 
Dibutyryl cyclic GhlP 

GDP 
C ; v  

5’- C X I  P 

CDP 

CTP 

I x 10-3 

1 x 
1 x 

1 x 10-3 
1 x 10-3 

1 x lo-‘  

1 x 1 0 - 3  

1 x 

1 x 10-3 

1 x lo-’ 

1 x 10-3 
1 x 
1 x 
1 x 

1 x 10-4 

23.2 t 1.8 

23.2 5 1.8 
21.8 * 4.0 

23.2 ? 1.8 
17.8 k 2.2 

17.8 2 2.2 

18.7 k 1.3 

23.2 ? 1.8 

20.2 5 5.8 

20.2 * 5.8 

23.7 t 4.1 
20.2 2 3.8 
23.7 ? 4.1 
17.8 f. 2.2 

17.8 2 2.2 

20.1 k 1.7 
( P  <.0.025) 
24.2 2 4.0 
19.2 k 2.7 

26.8 ? 2.2 
10.2 ? 1.4 

13.4 ? 3.5 

16.5 ? 2.7 

20.7 k 0.9 
( P  > 0.350) 
10.3 2 3.3 

18.5 k 2.0 
( P  > 0.350) 
24.0 2 4.9 
20.0 ? 6.9 
23.4 k 2.4 
12.7 k 2.2 

( P  <,0.02.3j 
17.4 ? 2.2 

( P  > O.lO0j 

(P  < 0.001) 

( P  > 0.050) 

( P  > 0.100) 

( P  < 0.001) 

* Values with P < 0.050 arc statistically significant. 

adenine nucleotide to show inhibition at 
1 X lo-; M. Sodium phosphate and sodium 
butyrate were tested at 1 X lo-” M with no 
mitotic inhibition seen. 

Nucleotides other than adenine nucleo- 
tides were tested for possible antimitotic 
activity (Table 11). Only GTP, CTP, and 
possibly UTP at 1 X lo-” M exhibited mi- 
totic inhibition. At l X M ,  these nucle- 
otides had little effect. 

In  Table 111, effect of nucleotide metabo- 
lites on human keratinocyte mitosis is 
shown. Only adenosine at 1 X lo-:< M was 
found to inhibit mitosis to any degree. 
This effect dropped to around zero at 

It was possible that the block of mitosis 
in this in vitro cell system might be due to 
permanent cell damage. To answer this 
question, keratinocytes were grown in the 
presence of 1 X M dibutyryl cyclic 
AMP for 3 days. Colcemid was then added 
to control and test cultures for 4 hr. While 

1 x 1 0 - 4 ~ .  

strong mitotic inhibition ( > 50% ) was 
found in the test system, no cell damage 
was observed based on light microscopic 
examination. At the same time, duplicate 
cell cultures were washed and fresh culture 
fluid was added. The mitotic block was 
found to be released which resulted in a rise 
in the MI over that in the controls. At the 
end of 3 days, the treated cultures were ap- 
proximately equal to controls in terms of 
outgrowth size and cell density. 5’-AMP at 
1 X lo-:< M was also tested with no toxic 
effect seen. 

Discussion. It is clear from the data pre- 
sented that the inhibition of normal human 
keratinocyte mitosis in vitro is not a specific 
effect of the exogenous addition of cyclic 
AMP. If one compares the cell response to 
the various nucleotides at 1 X lo-“ M ,  all 
the adenine nucleotides as well as GTP, 
CTP and possibly UTP show strong mitotic 
inhibition. However, if one now uses a pre- 
sumably more physiological concentration, 
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'T,ZHLE 111. Eftert of Nucleotide Meta1)olites on Human Keratinoc) te Mitosis in ?'it?-0. 

Percent 
Metabolite Conc (A[) Control Test inhibition 

C uan i ne 
G iian 0s i ne 

H y poxan t h ine 
Inosinc 
&5'-1511' 
Cy tidine 

.\denine 1 x l o 3  
Adenosine 1 x 

1 x 10-4 

1 x lo-' 
1 x 10-3 

1 x lo-' 
1 x 
1 x 1 0 - ~  
1 x l o 3  
1 x 10F 

1 x 

22.2 2 3.0 
22.2 2 3.0 

22.2 t 3.0 

23.2 2 1.8 
1.5.0 i- 5.5 

15.9 2 5.5 
22.2 2 3.0 
23.2 t 1.8 
17.8 & 2.2 
165 2 3.6 

16.5 t 3.6 

23.5 & 4.4 
11.0 rt 2.3 

( P  < 0.001) 
20.6 5 3.2 

( P  > 0.200) 
24.7 k 3.7 
11.9 t 3.1 

( P  > 0.050) 
18.0 c 5.0 
22.5 2 G.G 
25.8 & 5.0 
18.5 & 4.5 
12.8 & 2.4 

( P  > 0.050) 
14.6 t 2.7 

( P  > 0.200) 

0% 
50y0 

7% 

* Values with P < 0.050 are statistically significant. 

i.e., I X M ,  only the adenine nucleo- 
tides retain antimitotic activity with ATP 
being the strcmgest inhibitor. Thus, mitotic 
inhibition in our cell system seems specific 
for the adenine nucleotides. 

The explanation for the mitotic inhibition 
by these nucleotides is unknown at this time. 
Inherent in this explanation lies the prob- 
lem of cell permeability to nucleotides. 
While dibutyryl cyclic AMP may enter the 
cell unchanged (20) i t  is generally believed 
that naturally occurring nucleotides do not 
cross the plasma membrane intact, but are 
first dephosphorylated ( 17-1 9) .  It has been 
shown by Kaukel and Hilz (20) using HeLa 
cells, that cyclic AMP is rapidly degraded 
extracellularly to various metabolites which 
were taken up by the cells and converted to 
purine nucleotides. This does not seem to be 
the case in our cell system since no nucleo- 
tide metabolite was capable of producing 
mitotic inhibition at the same level exhibited 
by the adenine nucleotides (Table TIT). The 
mitotic block in our system by nucleotides 
other than cyclic AMP may be related to 
indirect effects that raise intracellular cyclic 
AMP. Recently, it has been shown by a 
number of investigators that various nucleo- 
tides can activate membrane adenyl cyclase 
as well as cause an effect on membrane 

structure ( 2  1-24). Moreover, ATP has 
been found to be formed at the membrane 
surface of cells in culture ( 2 5 ) .  Thus it is 
possible that extracellular ATP could act as 
the immediate substrate for adenyl cyclase, 
leading to increased intracellular cyclic 
AMP and inhibition of mitosis. This expla- 
nation would be compatible with the find- 
ings in the present study. One cannot over- 
Iook, however, the possible effect that the 
adenine nucelotides may have on cyclic 
GMP which is an antagonist of cyclic AMP 
in bidirectionally controlled systems (26). 
An imbalance in the cyclic GMP-cycl ic  
AMP ratio in favor of the latter (whether 
due to a rise in cyclic AMP or a fall in 
cyclic GMP) might induce the mitotic ef- 
fects seen in our system. This will be deter- 
mined in future studies designed to mea- 
sure intracellular cyclic AMP and cyclic 
GMP following addition of the adenine 
nucleotides. 

The explanation for the mitotic inhibition 
exhibited by adenosine at 1 X M in our 
ceIl system may also be related to the activa- 
tion of membrane adenyl cyclase. Recently, 
it has been shown by Blume et al. (27) that 
the exogenous addition of adenosine ele- 
vates cyclic AMP in cultured mouse neuro- 
blastoma cells. 
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Regardless of the final explanation, it is 
clear that with respect to causing a mitotic 
block in the G ,  part of the cell cycle, 
nucleotides other than cyclic AMP are 
highly effective. The apparent specificity of 
cyclic AMP reported by others measuring 
different aspects of cell activity must be 
considered in terms of the particular cell 
system and response studied. More spe- 
cifically, the effect of nucleotides has been 
studied on many different parameters in- 
cluding cell morphology (2), cell-substra- 
tum adhesion (28) ,  doubling time ( 3 ) ,  cell 
movement (29), and mitotic blockade ( 7 ) .  
Thus, analysis of differences between experi- 
mental systems is difficult. Except for the 
work of Voorhees ( 7 ) ,  most investigators 
have not specifically examined the effect of 
adenine nucleotides on events within the cell 
cycle. Moreover, different in vitro systems 
have been used by different investigators. 
In particular, most work has been per- 
formed on so-called “normal” as well as 
transformed cells that have been established 
in culture for long periods of time. Accord- 
ing to the parameters being measured, the 
failure to note a response to nucleotides 
other than cyclic AMP may be related to 
changing cell properties, especially those 
concerning the plasma membrane. Our sys- 
tem employed primary cell cultures whose 
existence in vitro was of relatively short 
duration ( < 2  weeks). Observations made 
in such a system may confer certain advan- 
tages over long term cultures for studying 
the adenyl cyclase system. 
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