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ABSTRACT

8-Chloroadenosine 3',5'-monophosphate has been reported to inhibit

growth of various mammalian cell lines at micromolar concentrations.
We have used Chinese hamster ovary cell lines with mutated cyclic
AMP-dependent protein kinase or altered cyclic nucleotide metabolism
to show that a metabolite, 8-chloroadenosine, is formed in the medium
and is the active inhibitor of cell growth in Chinese hamster ovary cells.
Adding adenosine deaminase to the Chinese hamster ovary cell growth
media removes the inhibition of cell growth attributed to 8-chloroadeno
sine 3',5'-monophosphate. Adenosine deaminase or dipyridamole also

protects Molt-4 lymphoblasts from the growth-inhibitory effects of 8-
chloroadenosine 3',5'-monophosphate.

INTRODUCTION

The physiological actions of cAMP4 and its analogues have

been studied extensively for their potential use as therapeutic
agents. Although over 600 cAMP analogues have been synthe
sized, none of these has been clinically useful because effective
doses are usually in the millimolar range. Recently, there has
been renewed interest in one of these compounds, 8-CI-cAMP,
because it can selectively inhibit the growth of an array of
cancer cells at micromolar concentrations (for review, see Refs.
1 and 2) and can inhibit tumor growth in nude mice in vivo (3).
8-Cl-cAMP is reportedly being tested as a therapeutic agent in
Phase I preclinical trials (2, 3).

The mechanism by which 8-Cl-cAMP exerts these effects is
not clear, although it has been suggested that it does not require
the activation of the cAMP-dependent protein kinase and func
tions through binding to the type II regulatory subunit of the
cAMP-dependent protein kinase, which subsequently is trans
located to the nucleus (4). The observation that 8-Cl-cAMP is
in some cases much more potent than other cAMP analogues
that have very similar binding characteristics for the cAMP-
binding sites on the regulatory subunits of the cAMP-dependent
protein kinase, its presumptive target, led us to investigate the
mechanism by which 8-Cl-cAMP exerts its effects.

CHO cells are an excellent system to study cAMP-mediated
events and the role of the cAMP-dependent protein kinase in
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these events, because cAMP signal transduction has been well-
characterized both pharmacologically and genetically. cAMP
causes CHO cells to slow their growth and to become elongated
and flattened (5). Both of these processes are mediated through
the activation of the cAMP-dependent protein kinase (6). Mu
tant cell lines have been isolated that have a defective type I
regulatory subunit of the cAMP-dependent protein kinase (6,
7). The most thoroughly analyzed of these lines, CHO 10248,
has a type I regulatory subunit that binds cAMP with reduced
affinity and therefore acts as a represser of the activation of the
cAMP-dependent protein kinase activity by sequestering the
free catalytic subunits (7). This mutant cell line is resistant to
inhibition of growth and changes in cell shape caused by agents
that elevate intracellular cAMP levels (such as cholera toxin
and IBMX) or agents that activate the cAMP-dependent protein
kinase directly (such as 8-Br-cAMP) (7).

To provide an additional genetic modification of the cAMP
signal transduction system, we have developed a CHO cell line,
CHO-PDE12, that expresses high levels of the low A'mcAMP-

phosphodiesterase from yeast (8). Both 8-Br-cAMP and 8-C1-
cAMP can be efficiently hydrolyzed by the yeast cAMP-phos-
phodiesterase (9). The CHO-PDE12 cell line is resistant to the
growth-inhibitory effects of 8-Br-cAMP (9), but remains ex
tremely sensitive to 8-Cl-cAMP.

Here, we make use of these genetic variants of the CHO cell
line as well as pharmacological reagents to examine the mech
anism by which 8-Cl-cAMP acts on CHO cells. For comparison
with previous reports on 8-Cl-cAMP, we have also examined
the mechanism of growth inhibition by 8-Cl-cAMP in Molt-4
lymphoblasts. We conclude that it is 8-CI-adenosine, produced
by the action of serum phosphodiesterase(s) and 5'-nucleotid-

ase(s) in the growth medium, that is the active growth inhibitor.
Previous work by a number of authors has indicated that
extracellular metabolism of cAMP and its analogues can com
promise interpretation of experiments that use extracellular
cAMP analogues (10-14).

MATERIALS AND METHODS
Cell Lines. The CHO 10001, CHO 10248, CHO-ADA", CHO-

PDE12, and CHO-C3 cell lines were grown and maintained as described
previously (8). Molt-4 lymphoblasts were grown in RPMI 1640 supple
mented with 10rÂ¿fetal bovine serum, penicillin (50 units/ml), strepto

mycin (50 Â¿ig/ml),300 mg/liter glutamine, and 25 mM /V-2-hydroxy-
ethyl-pipera/.ine-A''-2-ethanesulfomc acid in a humidified 5% CO; at

mosphere. Cells were counted with a hemacytometer, directly in the
presence of trypan blue (Molt-4) or after trypsini/ation (CHO).

Analysis of 8-Cl-cAMP and Its Metabolites by HPLC. Medium (0.5
nil) with or without 8-Cl-cAMP was transferred from wells to micro-
centrifuge tubes after incubation at 37Â°Cand 5% CO2 for the time

required. Trichloroacetic acid was added to 5% final concentration, and
samples were kept on ice for 30 min. After centrifugation at 10,000 x
g for 2 min, supernatants were extracted 3 times with 5 ml of water-
saturated ether to remove the trichloroacetic acid. Samples were diluted
10-fold into mobile phase (8 mM KH2POVH,PO4. pH 3.0. containing

4 mM tributylammonium ion and 20% methanol) and injected onto a
AiBondapak C18reversed-phase HPLC column. Absorbance was moni-
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MECHANISM OF 8-CI-cAMP ACTION

Table 1 Kinetic constants for Â¡hecAMP-dependent protein kinase and
hydrophobicity ofcAMP analogues

Analogue

Relative
AV

RIA RIB
Relative
A?, RI

Relative K("

RUA R1IB
Relative

8-Cl-cAMP 2.7 2.0 2.3 0.05 4.6
8-Br-cAMP 1.3 1.0 1.4 0.10 6.8
8-CPT-cAMP 3.4 1.7 NDf 0.05 17.0
A*-Benzoyl-cAMP 3.5 0.2 1.1 4.1 0.03

0.7 LSI*
1.7 \.98d
ND 9.76''

0.45 5.1/
"Relative A'Â¡= K( (cAMP)/A'i (analogue): where A'Â¡is the concentration of

analogue that half-maximally inhibits the binding of [*H]-cAMP as defined in

(29). Data are from (4) and (29).Relative Kf = A', (cAMPJ/A". (analogue): where K, is the concentration of
analogue that half-maximally activates the kinase activity of the respective hol-
oenzyme as defined in (30). Data are from (4) and (30).

' Hydrophobicity of cAMP analogue relative to cAMP.
''Data are from (31).
f ND, not determined.
^Determined as described in (32).

tored at 259 nm and the relative amounts of the products formed were
determined by integration of the peaks. In this system, 8-CI-5'-AMP

Ã©lÃ»tesat 2.81 min, 8-Cl-inosine at 2.76 min, 8-Cl-adenosine at 4.90
min, 8-chloroadenine at 2.56 min, 8-chloroinosine 5'-monophosphate

at 2.90 min, 8-chloroxanthine at 2.55 min, 8-chlorohypoxanthine at
2.41 min, and 8-Cl-cAMP at 9.20 min.

Materials. 8-Cl-cAMP was from ICN. Cholera toxin, IBMX, A"1-
benzoyl-cAMP, 8-Br-cAMP, dipyridamole, and adenosine deaminase
were from Sigma. 8-Cl-adenosine, 8-chloroadenosine 5'-monophos-
phate, 8-chloroinosine 5'-monophosphate, 8-chloroxanthine, 8-chlo
rohypoxanthine, 8-Cl-inosine, and 8-chloroadenine were from Biolog
Life Science Institute, Bremen, Germany. 8-CPT-cAMP was from
Boehringer-Mannheim. Fetal bovine serum, heat-inactivated fetal bo
vine serum, calf serum, horse serum, G418, Â«-modifiedEagle's medium,

and RPMI 1640 were from GIBCO. For determination of phosphodi-
esterase and 5'-nucleotidase activities in fetal bovine serum, we also

tested fetal bovine serum from Sigma and Intergen.

RESULTS AND DISCUSSION

Effects of 8-Cl-cAMP in CHO 10248 Cells. The mechanism
by which 8-Cl-cAMP inhibits the growth of cancer cells is not
known. What is known is that certain tumor cell lines are
particularly susceptible to this drug and are less sensitive to
closely related analogues like 8-Br-cAMP (15, 16) (see below).
Cho-Chung et al. (3, 4, 16, 17) propose that at micromolar
concentrations, 8-Cl-cAMP causes the translocation of RUÃŸto
the nucleus, where it acts in a fashion other than the activation
of the cAMP-dependent protein kinase. The other regulatory
subunits of the cAMP-dependent protein kinase that were stud
ied, RI and the type IIÂ«regulatory subunit of the cAMP-
dependent protein kinase, did not translocate to the nucleus
(4). Only RUÃŸappears to contain an amino acid sequence
homologous to a consensus sequence for the nuclear translo
cation signal (1, 2, 18). It has been proposed that the reason
that 8-Cl-cAMP is such a potent inhibitor for cancer cell growth
might be that this translocation of RUÃŸto the nucleus does not
require the activation of the cAMP-dependent protein kinase,
and functions at very low concentrations (1,2).

8-Cl-cAMP binds with an affinity 20-fold greater than cAMP
to the A-binding site of the RII subunit, whereas it binds with
lower affinity than cAMP to the B-binding site of RII and both
cAMP-binding sites of RI (see Table 1). This yields a 100-fold
selectivity for the A-binding site over the B-binding site of RII.
8-Cl-cAMP does not show preference for either A- or B-binding
site on RI (Table 1). To test the hypothesis that 8-Cl-cAMP
acts exclusively through RII, we made use of the CHO 10248

cell line, which has a mutant RI regulatory subunit with de
creased affinity for cAMP, but which still produces wild-type
RI and RII subunits (7). The mutant RI subunit acts dominantly
by binding to free catalytic subunits, from which it dissociates
poorly, quenching the activation of the kinase activity with no
apparent effect on the wild-type regulatory subunits (7). Fig.

\A shows that the growth of parent CHO 10001 and mutant
CHO 10248 cell lines is equally sensitive to 8-Cl-cAMP, with
half-maximal inhibition of growth at about 2 ^M. The cell shape
change that is a hallmark of activation of the cAMP-dependent
protein kinase does not occur at this concentration. In contrast,
8-Br-cAMP inhibits the growth of CHO 10001 half-maximally
at about 100 Â¿Ã•Mand the CHO 10248 cell line is almost
completely resistant to 8-Br-cAMP (see Fig. IB). When we
compare the affinities of 8-Cl-cAMP and 8-Br-cAMP for the
different binding sites on the regulatory subunits of the cAMP-
dependent protein kinase, we find that they are almost identical:
8-Br-cAMP has no selectivity for either of the binding sites of
RI, a 70-fold preference for the A- over the B-binding site of

RII, and an activation potency close to that of cAMP (Table
1). The conundrum is that CHO 10248 cells are resistant to the
growth-inhibitory effects of 8-Br-cAMP, 8-CPT-cAMP, and
/V6-benzoyl-cAMP, but are extremely sensitive to 8-Cl-cAMP.

Metabolism of 8-Cl-cAMP. The ability of cAMP analogues
to activate the cAMP-dependent protein kinase in vivo depends

on their ability to cross the cell membrane, on their rate of
hydrolysis, and on their affinities for the different cAMP-
binding sites. Membrane permeability depends on the hydro
phobicity of the analogue because mammalian cells have no
cyclic nucleotide uptake system. Of the four analogues com
pared here, 8-Cl-cAMP is the least hydrophobic (Table 1), and
would presumably have the most difficulty in crossing the
membrane. All 4 analogues are similarly potent activators of
the type II cAMP-dependent protein kinase (Table 1). Three of
them (8-Cl-cAMP, 8-Br-cAMP, and 8-CPT-cAMP) are selec
tive for the A-binding site (100-, 7-, and 300-fold, respectively);
yV6-benzoyl-cAMP is selective for the RIIB-binding site (100-

fold). To test whether 8-Cl-cAMP is resistant to hydrolysis, we
determined whether a phosphodiesterase inhibitor could poten
tiate the effect of 8-Cl-cAMP in CHO 10248 cells. CHO 10248
cells are resistant to 0.25 mivi IBMX, which inhibits cellular
phosphodiesterases, causing elevation of intracellular cAMP
levels. CHO 10248 cells become approximately 5-fold less
sensitive to inhibition by 8-Cl-cAMP in the presence of IBMX
(data not shown). This suggests that 8-Cl-cAMP might be
acting through a metabolite, formed through the action of a

100Â¡
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Fig. 1. Growth inhibition of parent and cAMP-dependent protein kinase
mutant CHO cells by 8-CI-cAMP and 8-Br-cAMP. Cells were seeded at 10"cells/
well of a 24-well tissue culture dish and grown in the presence of different
concentrations 8-CI-cAMP (A) or 8-Br-cAMP (B). After 3 days, cells were
trypsinized and counted by hemacytometer. â€¢(100 = 3.3 X 10' cells/well), CHO
10001 parent cell line; O (100 = 3.4 x 10' cells/well). CHO 10248 cAMP-

dependent protein kinase mutant. Data are the means Â±SD of a representative
experiment in triplicate.
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10 100 1000

[8-CI-cAMP],

Fig. 2. Effectof8-CI-cAMPon the growth of control, and yeast low A'mcAMP-

phosphodiesterase expressing CHO cells. CHO-C3 control transfected cells (A.
100 = 1.8 x 10' cells/well) and CHO-PDE12 cells (A. 100 = 2.1 X 10' cells/
well), expressing high amounts of the yeast cAMP-phosphodiesterase. were
seeded, grown, and counted as described in Fig. 1. in the presence of different
concentrations of 8-CI-cAMP. Data are the means Â±SD of a representative
experiment in triplicate.

phosphodiesterase, or that IBMX directly antagonizes 8-C1-
cAMP action.

If 8-CI-cAMP does not act through a metabolite, then one
would expect that the CHO-PDE12 cell line, which expresses
large amounts of the yeast low A"mcAMP-phosphodiesterase

(8), would be resistant to 8-CI-cAMP in the same way that this
cell line is resistant to 8-Br-cAMP. Both 8-CI-cAMP and 8-Br-
cAMP can be hydrolyzed by this enzyme (9). As shown in Fig.
2, CHO-PDE12 cells are not resistant to the growth-inhibitory
effects of 8-CI-cAMP. From these data it seemed likely that 8-
Cl-cAMP inhibits growth by acting through a metabolite.

If 8-CI-cAMP acts directly, then raising intracellular cAMP
concentrations by treatment with cholera toxin should compete
for the target and prevent the inhibitory effect of 8-CI-cAMP
on the growth of CHO 10248 cells. Elevation of intracellular
cAMP levels by treatment with cholera toxin does not affect
the sensitivity of CHO 10248 cells to 8-CI-cAMP (data not
shown). Addition of high concentrations (500 /J.M) of 8-Br-
cAMP, 8-CPT-cAMP, or /V'-benzoyl-cAMP to the medium
decreases the sensitivity of CHO 10248 cells to 8-CI-cAMP
(data not shown). This result is consistent with the idea that 8-
Cl-cAMP is metabolized extracellularly, and that other cAMP
analogues can compete with 8-CI-cAMP for binding to these
hydrolyzing enzymes.

To test whether 8-CI-cAMP is metabolized outside the cells
by a phosphodiesterase, we analyzed the medium for its ability
to hydrolyze 8-CI-cAMP under the conditions in which the
cells are grown normally. Fig. 3 shows that after a 3-day
incubation in Â«-modified Eagle's medium supplemented with

10% fetal bovine serum, about 70% of the initial 100 n\i 8-C1-
cAMP has been metabolized, with 8-CI-adenosine as the only
detectable metabolite. Similar results were obtained with 8-Br-
cAMP (data not shown). As shown in Fig. 3, C and D, the
formation of these metabolites is not dependent on the presence
of cells. We determined whether the replacement of the fetal
bovine serum by heat-inactivated fetal bovine serum in the
medium would affect the rate at which the 8-CI-cAMP is
metabolized and the ability of 8-CI-cAMP to inhibit cell growth.
As shown in Table 2. Â«-modifiedEagle's medium supplemented

with heat-inactivated fetal bovine serum has less hydrolytic
activity than the medium supplemented with normal fetal bo
vine serum from 3 separate sources or with calf or horse serum.
CHO 10248 cells grown in medium supplemented with heat-
inactivated fetal bovine serum are about 8-fold less sensitive to
the growth-inhibitory effects of 8-CI-cAMP than cells grown in

I !

0 10

ELUTIONTIME. MIN

0 10 0 10 0 10 0 10

EUITION TIME. MIN ELUTIONTIME. MIN ELU1IONTIME, MIN ELUTIONTIME. MIN

Fig. 3. HPLC analysis of metabolites of 8-CI-cAMP after incubation in CHO
growth medium. Samples were prepared and analy/ed as described under "Ma
terials and Methods." A, medium alone: B. medium with 100 >JM8-CI-cAMP; C.
medium with 100 Â»IM8-CI-cAMP incubated for 3 days at 37'C and 5ri CO2; D,
medium with 100 >,M8-CI-cAMP and 10.000 cells incubated for 3 days at 37'C
with 5<ÃC̄O2; E. medium with 100 nM 8-CI-cAMP and 10.000 cells incubated
for 3 days in the presence of 3 units/ml dia!y/ed adenosine deaminase at 37Â°C
with 5r; CO2.

medium supplemented with normal fetal bovine serum (data
not shown). From these results, we infer that 8-CI-cAMP
inhibits growth of CHO cells at MMconcentrations through the
formation of a metabolite. We postulate that the enzyme in the
serum that degrades 8-CI-cAMP is a phosphodiesterase that
can be inhibited by IBMX and can bind 8-Br-cAMP, 8-CPT-
cAMP, and /V6-benzoyl-cAMP, because all of these compounds
protect the CHO 10248 cells, at least partially from the growth-
inhibitory effects of 8-CI-cAMP. There must be 5'-nucleotidase

activity present in excess in the serum that can convert 8-C1-
5'-AMP into 8-Cl-adenosine. The above results also explain

why the CHO-PDE12 cell line is not resistant to 8-CI-cAMP
(Fig. 2).

A previous report did not detect any metabolism of 8-C1-
cAMP in the medium of HT-29 colon cancer cells, which
contained fetal bovine serum from the same sources that we
have used (19). These authors analyzed 8-CI-cAMP metabolites
in the medium by strong aniÃ³nexchange HPLC at pH 3.8. 8-
Cl-adenosine has a positive charge at pH 3.8 and will therefore
not be retained by the column; it will elute with many serum
components absorbing at 254 nm. The authors determined the
UV absorption spectrum of the fractions, and could not detect
8-Cl-adenosine (19). This might be due to a different UV
spectrum for protonated 8-Cl-adenosine at pH 3.8, than for

Table 2 Conversion ofS-CI-cAMP Â¡Mo8-Cl-adenosine hy different sera
Nine hundred n\ of n-modified Eagle's medium was supplemented with 100 , I

of one of the below-listed sera and 100 /I.M8-C'l-cAMP. Media were incubated in
wells of 24-well tissue culture dishes for 3 days at 37Â°Cand 5r< CO;, and 8-CI-
cAMP metabolites were analyzed by HPLC as described under "Materials and
Methods." Human serum was prepared from freshly drawn blood. Results show-n
are expressed as percentage of 8-CI-cAMP hydroly/ed. The only metabolite
detected was identified as 8-Cl-adenosine by co-elution with authentic standard.
Other metabolites were not detectable in any significant amounts (<2%).

Serum supplement

% 8-CI-cAMP
hydrolyzed in

3 days

No serum supplement
Fetal bovine serum (Intergen)
Fetal bovine serum (Sigma)
Fetal bovine serum (GIBCO)
Heat-inactivated fetal bovine serum

(GIBCO)
Calf serum (GIBCO)
Horse serum (GIBCO)
Human serum

0
45
64
72
11

28
35

2
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Fig. 4. Effect of adenosinc deaminase on the ability of 8-Cl-cAMP to inhibit
cell growth of CHO 10248 cells with mutant cAMP-dependent protein kinase.
CHO 10248 cells were seeded, grown, and counted as described under Fig. 1. in
the presence of different concentrations of 8-Cl-cAMP. with (â€¢.100 = 3.1 x IO5
cells/well) or without (O, 100 = 3.7 x IO5 cells/well) 3 units of dialyzed calf

intestinal mucosa adenosine deaminase/ml ( 1 unit deaminates 1 nmol adenosine/
min at 25Â°C).Adenosine deaminase that has been dialyzed against phosphate-

buffered saline has no effect on the growth of CHO cells. Data are the mean Â±
SD of a representative experiment in triplicate.

non-protonated 8-Cl-adenosine at neutral pH, or due to con
version of 8-Cl-adenosine to 8-Cl-inosine. These data were
described, but not shown (19).

What is the Active Metabolite? Eukaryotic cells do not have
a transporter for the uptake of (charged) cyclic nucleotides and
5'-nucleotides, but they do have an efficient nucleoside trans

porter that is not specific, does not require energy, and acts
through facilitated diffusion. The metabolite that is most likely
to be effective at //M concentrations is therefore an 8-Cl-nucle-
oside. From the HPLC analysis of metabolites it is evident that
there is no appreciable adenosine deaminase activity (capable
of deaminating 8-Cl-adenosine) in fetal bovine serum, because
no 8-Cl-inosine could be detected. To test whether the active
metabolite is 8-Cl-adenosine, we measured the sensitivity of
CHO 10248 to 8-Cl-cAMP in the presence and absence of
adenosine deaminase. Fig. 4 shows that adenosine deaminase
can protect CHO 10248 cells from the growth-inhibitory effects
of 8-Cl-cAMP. HPLC analysis of the medium shows that
adenosine deaminase can effectively convert 8-Cl-adenosine
into 8-Cl-inosine without affecting the 8-Cl-cAMP concentra
tions (Fig. 3). 8-Cl-inosine does not inhibit cell growth (Fig. 4;
data not shown). The preparation of adenosine deaminase used
in this study did not possess any detectable cyclic nucleotide
phosphodiesterase or 5'-AMP deaminase activity (Fig. 3E; data

not shown).
Fig. 5 shows that CHO 10001 cell growth is sensitive to 8-

Cl-adenosine, half-maximal inhibition of growth occurring be-

m
S

o
111

CHO 10001 CHO-ADA-

Fig. 5. Effect of 8-Cl-adcnosine of the growth of CHO 10001 and adenosine
dcaminase-deficient CHO-ADA" cells. CHO 10001 (100 = 3.6 x IO5 cells/well)
and CHO-ADA" (100 = 2.9 x 10s cells/well) cells were seeded, grown, and

counted as described in Fig. I. in the presence of O Ã•<M(solid hars), I n\i
(diagonally striped hars). 10 nM (open hars), or 100 nM (dotted hars) 8-Cl-
adenosine. Data are the mean Â±SD of a representative experiment in triplicate.

tween 1 and lO^M. 8-Cl-adenosine does not inhibit CHO 10001
cell growth to the same extent as 8-Cl-cAMP, especially at
higher concentrations. A similar phenomenon has previously
been reported for growth inhibition by cAMP itself. cAMP
inhibits HELA S3 cell growth through the formation of aden
osine (20). However, both cAMP and 5'-AMP are more potent

inhibitors of growth. This has been attributed to cAMP acting
as a reservoir for the constant release of adenosine, adenosine
itself being labile due to adenosine deaminase activity (20). To
test whether this is the case, we investigated the effect of 8-Cl-
adenosine on the growth of CHO-ADA" cells, which lack

adenosine deaminase activity (21, 22). Fig. 5 shows that CHO-
ADA" cells are more sensitive to 8-Cl-adenosine than are CHO

10001 cells, especially at higher concentrations.
Adenosine and a number of adenosine analogues have been

reported to inhibit cell growth through interference with pyrim-
idine synthesis (13, 20, 23). The toxic effects of these adenosine
analogues can be relieved by the addition of uridine or cytidine
(13, 23). Addition of 1 miviuridine to CHO cells did not relieve
the growth-inhibitory effect of 8-Cl-cAMP (data not shown),
suggesting that 8-Cl-adenosine inhibits cell growth through a
different mechanism.

The Basis for the Difference in Activity of 8-C1-Adenosine and
8-Br-Adenosine. CHO 10248 cells are at least 100-fold more
sensitive to 8-Cl-adenosine than to 8-Br-adenosine (data not
shown). The physical-chemical characteristics of the 2 com
pounds differ in that the bromine moiety is larger than the
chlorine moiety. 8-Bromo-nucleosides and nucleotides are
thought to be restricted to a greater extent than the correspond
ent 8-chloro-derivatives in their ability to rotate around the N9-
Cr bond between the purine and ribose moieties, thereby
displacing the normal syn-anti equilibrium of 1:1 so that the
syn conformation predominates. 8-Cl-cAMP has much less
steric hindrance around this bond and has a more normal syn-
anti equilibrium (24). It is likely that the target that mediates
inhibition of cell growth by 8-Cl-adenosine binds the nucleoside
in the anti-conformation.

Mechanism of 8-Cl-cAMP Action in Molt-4 Lymphoblasts.
8-Cl-cAMP has been reported to be a potent inhibitor of cell
growth for a number of human leukemia cell lines (25). To
determine whether the active metabolite for growth arrest in
these cell lines might be 8-Cl-adenosine, we repeated the exper
iment described by Tortora et al. (25) using Molt-4 lympho-
blasts in the presence and absence of adenosine deaminase. As
shown in Fig. 6, addition of adenosine deaminase together with
8-Cl-cAMP protects Molt-4 cells completely from the growth-
inhibitory effects of 100 ^M 8-Cl-cAMP, suggesting that here,
too, 8-Cl-adenosine is the active metabolite.

The Site of Action. To determine whether 8-Cl-adenosine
slows cell growth because of incorporation into nucleic acids or
other products of metabolism, or whether it acts at extracellular
adenosine receptors, we investigated whether dipyridamole, a
nucleoside transport inhibitor, could protect CHO or Molt-4
cells from the growth-inhibitory effects of 8-Cl-cAMP. Dipyri
damole is a potent inhibitor of nucleoside uptake in Molt-4
cells, and protects these cells from 1-ÃŸ-D-arabinofuranosylcy-
tosine, a cytotoxic nucleoside analogue (26). As shown in Fig.
6, 10 /UMdipyridamole protects Molt-4 lymphoblasts from the
growth-inhibitory effects of 8-Cl-cAMP. It is therefore likely
that the target of 8-Cl-adenosine action resides inside the cell.
Similar results could not be obtained with CHO cells, because
dipyridamole itself is toxic to CHO cells.

Considerations for the Therapeutic Use of 8-Cl-cAMP. The
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Fig. 6. Effect of adenosine deamÃnaseand the nuclcoside uptake inhibitor
dipyridamole on the growth inhibition of Molt-4 cells by 8-CI-cAMP. Cells were
seeded at 4 x 10' cells/ml in the presence of O^M (solid bars), 10>iM(diagonally
striped bars), or 100 iiM (dotted bars) 8-CI-cAMP. without further additions
(Control), with 3 units of dialyzed calf intestinal mucosa adenosine deaminase/
ml (ADA) or 10 MMdipyridamole. Results shown are the means Â±SD of a
representative experiment in triplicate.

phenomenon of cAMP and cAMP analogue degradation in the
medium is well known from earlier work (10-14, 20), and a
number of 8-substituted cAMP analogues have been shown to
inhibit cell growth through action of metabolites (12). 8-bro-
moadenosine 5'-monophosphate also inhibits growth of a num

ber of cell lines, including CHO cells, but at a concentration at
least 100-fold higher than reported here for 8-CI-cAMP metab
olites (14). Under conditions in which there is little degradation
of cAMP analogues (using heat-inactivated serum and replacing
medium every 24 h), Niles et a/. (11) found that 500 MM8-C1-
cAMP or 500 MM 8-Br-cAMP is only moderately active at
inhibiting cell growth in human alveolar carcinoma cells (A549)
and human prostate epithelial cells (MA-160). In the presence
of IBMX, this inhibition was potentiated with no greater dif
ference in potency between 8-Br-cAMP and 8-CI-cAMP (11).
The mode of action of 8-CI-cAMP on different cell lines will
depend on the serum requirement of the cells, their nucleoside
uptake system, the permeability of the cells for 8-CI-cAMP, the
intracellular metabolic pathway of 8-Cl-adenosine, and the tox-
icity of the active metabolite of 8-CI-cAMP. The mechanism
by which 8-CI-cAMP acts on different cell lines in tissue culture
may therefore vary widely. It is likely that 8-CI-cAMP does
inhibit the growth of certain cancer cells, especially in combi
nation with other analogues. For example, Tagliaferri et al.
(27) have used Harvey murine sarcoma virus transformed NIH-
3T3 cells grown in serum-free medium and have shown that
growth of these cells is inhibited by 8-CI-cAMP and 8-Br-
cAMP with a 50% inhibitory concentration of about 50 pM.
Under serum-free conditions, these analogues are probably not
degraded. In vivo, it seems a strong possibility that 8-CI-cAMP
will be hydrolyzed in the blood and that the tumor regression
found upon treatment with 8-CI-cAMP (3, 28) might be caused
by 8-Cl-adenosine. No controls for this possibility were included
in these reports. In the samples of human serum tested. 8-C1-
cAMP was relatively stable (Table 2). 8-CI-cAMP is reported
to be in preclinical Phase I studies as a site-selective cAMP
analogue (2, 3), making it important to know the mechanism
by which 8-CI-cAMP acts in vivo.

Conclusions. From the results presented here, we draw the
following conclusions: (a) controls that include adenosine de
aminase in the medium are a useful precaution in cAMP
analogue experiments, if the nucleoside metabolite is a substrate
for the enzyme, (b) 8-CI-cAMP is not a good choice as a site-

selective cAMP analogue for the study of the role of the cAMP-
dependent protein kinase in vivo because it inhibits cell growth
due to its adenosine metabolite. 8-Br-cAMP has very similar
characteristics with regard to cAMP-dependent protein kinase
activation, cell permeability, and hydrolysis, but its adenosine
metabolite is less toxic. 8-Br-cAMP or 8-CPT-cAMP is there
fore the preferred (commercially available) analogue for these
studies, (c) 8-Cl-adenosine is a potent inhibitor of CHO and
Molt-4 cell growth in tissue culture and might merit closer
examination as an anti-neoplastic drug, (d) 8-CI-cAMP and
cAMP itself are more effective at inhibiting the growth of CHO
cells than their nucleoside derivatives, possibly by acting as a
reservoir for 8-Cl-adenosine and adenosine synthesis. In this
way, they act as caged compounds. Administration of cytotoxic
nucleoside drugs in a cyclic nucleotide form might be a method
to create a slow-release mechanism for drug delivery.
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