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ABSTRACT

Site-selective cyclic AMP (cAMP) analogues have been shown to
inhibit growth and induce differentiation in several human leukemia cell
lines. However, detailed studies of the effects exerted by cAMP analogues
on cell cycle kinetics have been lacking. We have examined the effects
of 8-CI-cAMP and A*-benzyl-cAMP on the cell cycle kinetics of the HL-

60 human promyelocytic leukemia cell line. A cell cycle study was
performed by univariate DNA analysis after 24-72 h of treatment with
noncytotoxic concentrations of 8-Cl-cAMP and A*-benzyl-cAMP capable
of inducing 50-60% growth inhibition in these cells. HL-60 cells treated
with 5 JIM8-CI-cAMP showed no significant change in the cell distribu
tion in the cycle as compared to the untreated control cells, whereas the
treatment with 10 n\\ A^-benzyl-cAMP transiently increased the per
centage of cells in the G0/Gi phase after 48 h, followed by a partial
recovery at 72 h. Combined treatment with low doses of 8-CI-cAMP and
Y'-bi'ii/) l-i-AM I*,each of which alone produced 20% growth inhibition,

exerted a growth inhibitory effect of 65% and delayed increase of the (.â€ž/
GÃ¬phase by 72 h. To better understand the cell cycle effects induced by
8-CI-cAMP, flow cytometric analysis of bromodeoxyuridine incorpora
tion was also performed. 8-CI-cAMP treatment exhibited a slowing down
of the cell cycle; thus, the delayed appearance of the ( .â€ž/(.,cell accumu
lation after combined treatment could be due to this effect of 8-CI-cAMP
on the HL-60 cell cycle. At a toxic dose, 8-CI-cAMP brought about a
G2M block, whereas A*-benzyl-cAMP brought about an increase of the
Go/Ci compartment. G2M block produced by toxic doses of 8-CI-cAMP
was not related to its adenosine metabolite since 8-Cl-adenosine did not
produce any specific block in the cell cycle. Our results show, for the
first time, that these site-selective cAMP analogues could affect cell
cycle kinetics at different points. These data may provide the basis for
combination treatments involving cAMP analogues and other agents in
the treatment of human leukemia.

INTRODUCTION

cAMP1 has been considered to have a role in the control of
cell proliferation and differentiation in various cell types (1-3).
cAMP exerts its effect in eukaryotes by binding to the regula
tory subunits of either type I or type II cAMP-dependent protein
kinase. These enzymes have a common catalytic subunit but
differ in their cAMP-binding regulatory subunits (4). Differen
tial expression of these protein kinase isozymes has been ob
served during cell development, differentiation, and neoplastic
transformation (5-7).

Recently, it has been shown that the differential regulation
of type I versus type II protein kinase is involved in the inhibi
tion of human cancer cell growth by site-selective cAMP ana-
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logues (8-10). Depending on their substituents on the adenine
ring, these analogues selectively bind to either site A (C-6
analogue) or site B (C-2, C-8 analogues), the two known cAMP-
binding sites of protein kinase (11, 12). Moreover, among the
site B-selective analogues, C-8-thio or C-8-halogen analogues
preferentially bind to site B of type II rather than type I protein
kinase, and these effects are synergistically enhanced when two
classes of cAMP analogue (site A and site B selective) are used
in combination (13, 14). This unique binding specificity of site-
selective cAMP analogues demonstrable for two types of pro
tein kinase in vitro has an apparent correlation with the potency
of these analogues in growth inhibition of intact cancer cells (7,
15). The striking growth inhibitory effect of 8-CI-cAMP, the
most powerful site-selective cAMP analogue, is in fact related
to its selective binding and activation of type I versus type II
protein kinase (7, 16). It upregulates type II protein kinase by
binding to it with a high affinity for site B but a low affinity for
site A, keeping this enzyme in holoenzyme form; it also binds
with moderately high affinity for both sites A and B of type I
protein kinase, facilitating the subunit dissociation and down-
regulation of this isozyme. To further explore the mechanism
of action of these site-selective cAMP analogues in the control
of cell proliferation, we have investigated the effect of 8-C1-
cAMP and A*-benzyl-cAMP on the cell cycle kinetics of the
human HL-60 promyelocytic leukemia cell line.

MATERIALS AND METHODS

Chemicals. /V*-Benzyl-cAMP and 8-Cl-adenosine were provided by
Dr. R. K. Robins, ICN, Costa Mesa, CA; 8-CI-cAMP was from Division
of Cancer Treatment, National Cancer Institute, Bethesda, MD. cAMP
analogues were dissolved in sterile water (G1BCO) as a 100-fold stock
solution and kept frozen at -20Â°C. BrdUrd, PI, RNase, FITC-conju-

gated goat-anti-mouse IgG, and normal goat serum were all from Sigma
Chemical Co., St. Louis, MO. Anti-BrdUrd monoclonal antibody was
from Becton Dickinson Immunocytometry Systems, Mountain View,
CA.

Cell Culture. HL-60 cell line was grown in suspension culture in
RPMI 1640 medium (GIBCO) supplemented with 10% heat-inacti
vated fetal calf serum (GIBCO), penicillin (50 units/ml), streptomycin
(500 ug/mi), and 1 mivi glutamine (GIBCO) at 5 x IO5 cells/ml in a
humidified 5% CO2 atmosphere at 37Â°C.In all experiments, cells were
seeded at 2.5 x IO5cells/ml, and cAMP analogues were added 2 h after
the seeding. For cell growth experiments, HL-60 cells were harvested
at different times and counted in duplicate by a Coulter Counter. Cell
viability was assessed by trypan-blue exclusion dye test.

DNA Content Analysis by PI Staining. HL-60 cells were harvested,
pelleted, washed twice with Ca2+/Mg2+-free PBS, fixed in 70% ethanol,
and stored at 4Â°Cuntil the analysis. One ml of a PI staining solution
(50 ug/m\ in Ca2+/Mg2+-free PBS, pH 7.4, plus RNase, 0.5 mg/ml)
was added to 1-2 x IO6cells previously washed in Ca2+/Mg2*-free PBS.

After 30 min at room temperature, the DNA content of HL-60 cells
was analyzed in duplicate by a FACScan flow cytometer (Becton
Dickinson) coupled with a Hewlett-Packard computer. Cell cycle data
analysis was performed by a Cell-FIT program using the method of
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Dean (17) (Becton Dickinson Immunocytometry Systems). Pulse area
versus pulse width gating was performed to exclude doublets from the
GiM region. For each sample, 20,000 events were stored in list mode.

Cell Cycle Analysis by BrdUrd. Control cells and cells treated for 48
h with 8-Cl-cAMP were pulsed for 30 min at 37"C with 30 MMBrdUrd.

Cells were washed with warm complete growth medium to remove
unincorporated BrdUrd and incubated at 37Â°C.Cells were then har
vested at different times and washed twice with Ca2VMg2+-free PBS.
Cells (3-4 x IO6)were fixed in 70% ethanol and stored at 4Â°C.BrdUrd

immunostaining was performed by acid denaturation of double helical
DNA with 4 N HC1 for 20 min at room temperature (18). After DNA
denaturation, cells were washed in 2 ml of Na2B4Oi (pH 8.5), incubated
for 15 min at room temperature in Ca2+/Mg2*-free PBS containing 1%

normal goat serum and 0.5% Tween 20, and then washed twice with
Ca2+/Mg2*-free PBS. Anti-BrdUrd monoclonal antibody (100 n\; 1:10

in PBS with 0.5% Tween 20) was added to each sample for 30 min at
room temperature. An irrelevant primary isotype mouse antibody was
used as a negative control. After two washings, 100 n\ of FITC-
conjugated goat-anti-mouse IgG (1:50 in PBS with 0.5% Tween 20)
was added for 30 min at room temperature in the dark. After two
washings with Ca2*/Mg2+-free PBS, cells were gently resuspended in 2

ml of PI (5 Mg/ml) in PBS (pH 7.4). After 60 min at room temperature,
cells were analyzed by flow cytometry. Green fluorescence (log scale)
represented the amount of FITC conjugate bound to anti-BrdUrd
antibody, and red fluorescence (linear scale) represented the amount of
bound PI. From each sample, 20,000 events were collected in list mode,
and bivariate BrdUrd/DNA (green/red) contour plots were constructed.
Cell doublets were gated out by examining the pulse area versus pulse
width.

RESULTS

As previously shown, site-selective cAMP analogues inhibit
the growth of several human leukemia cell lines in a concentra
tion-dependent manner (9, 19). The growth curves of HL-60
cells in the absence and presence of cAMP analogues are shown
in Fig. 1. 8-Cl-cAMP (5 MM)induced 50% growth inhibition
after 72 h; treatment with 10 MMA"-benzyl-cAMP for the same

duration produced a 62% growth inhibition. The single low
doses of either 8-Cl-cAMP (2.5 ÃŸM)or TV-benzyl-cAMP (5 MM)
induced growth inhibition of only 20%, whereas this combina-
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Fig. I. Growth inhibitory effect of site A- and B-selective cAMP analogues
each alone or in combination on HL-60 cells. Control and treated cells were
harvested at times indicated, and cell numbers were counted in duplicate by a
Coulter Counter (see "Materials and Methods"). Points, average values (ears, Â±
SD) obtained from 3 separate experiments. 8-CI. 8-Cl-cAMP; N'-benzyl, ff-
benzyl-cAMP.
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Fig. 2. Effect of site-selective cAMP analogues on the cell cycle kinetics of
HL-60 cells. DNA content analysis was performed by PI staining of cells treated
for times indicated with 8-Cl-cAMP (8-CI) and A*-benzyl-cAMP (N'-benzyl) each
alone or in combination and control cells (untreated) as described in "Materials
and Methods." Points, average values (bars, Â±SD) obtained from 3 separate

experiments.

tion exerted a 65% growth inhibition (Fig. 1), demonstrating a
synergistic effect, as previously demonstrated (19, 20). In all
cell growth experiments shown in Fig. 1, growth inhibition was
not due to cell killing (cell viability was >90% as tested by
trypan-blue dye).

To examine whether the reduced cell proliferation observed
in HL-60 cells after cAMP analogue treatment was due to
specific cell cycle perturbation, cell cycle studies were performed
at different times by PI staining. Cells treated with 8-Cl-cAMP
at 5-7 MM concentrations, which produced 50-60% growth
inhibition (Fig. 1), did not show any appreciable change in the
cell distribution in the cycle as compared to untreated control
cells (Fig. 2). On the other hand, treatment with 10 MMA*-
benzyl-cAMP induced a marked increase of the G0/G, cell cycle
phase at 48 h of treatment, followed by a partial recovery at 72
h (Fig. 2). Combined treatment with low doses of 8-Cl-cAMP
(2.5 MM)and A*-benzyl-cAMP (5 MM)induced the same increase
of the Go/G, compartment as /V-benzyl-cAMP alone (Fig. 2);
however, there was a more pronounced effect at 72 than at 48
h. This late appearance of the G0/Gi cell accumulation after
treatment of cells with both analogues could be due to a slowing
down of the cell cycle progression exerted by 8-Cl-cAMP.

To investigate this possibility, the cell cycle kinetics studies
were performed using BrdUrd/DNA flow cytometry. Fig. 3
shows serial BrdUrd/DNA distributions measured for cells
treated for 48 h with 5 MM8-Cl-cAMP and untreated control
cells. HL-60 cells were pulse labeled with BrdUrd for 30 min,
washed, resuspended in warm medium, and harvested after 3,
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Fig. 3. Cell cycle analysis by BrdUrd after treatment of HL-60 cells with 8-C1-
cAMP. Control cells and cells treated with 8-CI-cAMP (8-CI; 5 UM,48 h) were
subjected to BrdUrd pulse labeling, and at indicated times a bivariate cytogram
for BrdUrd immunostaining/DNA content was constructed (see "Materials and
Methods"). Data represent 1 of 3 separate experiments that gave similar results.
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Fig. 4. Cell cycle kinetics of HL-60 cells after 72 h treatment with cytotoxic
doses of site-selective cAMP analogues. Control and treated cells were analyzed
for cell cycle kinetics as described in Fig. 2. Data represent 1 of 3 separate
experiments that gave similar results.

6, and 8 h. As shown in Fig. 3, 8-CI-cAMP treatment did not
affect the BrdUrd uptake but strongly inhibited the progress of
BrdUrd-labeled cells through the cell cycle.

Cytotoxic concentrations of 8-CI-cAMP and A*-benzyl-
cAMP were also used for cell cycle studies. 8-CI-cAMP (10 MM)
and yV*-benzyl-cAMP (25 MM)were cytotoxic and induced a

growth inhibition of about 80% at 72 h (data not shown). As
shown in Fig. 4, 10 MM8-CI-cAMP induced HL-60 cell accu
mulations in the late S and G2M phase of the cell cycle, whereas
25 MM/V-benzyl-cAMP treatment brought about the accumu
lation of cells in the Go/Gi phase.

To test the possibility that the metabolite of 8-CI-cAMP, 8-
Cl-adenosine, could be responsible for the growth inhibition
and cell cycle perturbation observed with the toxic doses of 8-
Cl-cAMP, the effect of cytotoxic concentrations of 8-Cl-aden-
osine on the cell cycle distribution was also examined. Fig. 5
clearly shows that 10 MMof 8-Cl-adenosine did not affect HL-
60 cell cycle distribution, with respect to the control, whereas
8-CI-cAMP brought about an increase of the late S and GiM
phases.

DISCUSSION

This study demonstrates for the first time that two different
classes of site-selective cAMP analogues can regulate HL-60
cell cycle kinetics in different manners.

8-CI-cAMP, a site B-selective analogue, at the concentration
(5 MM)that produces a 50% growth inhibition, without cytotox-
icity, did not induce evident change in the HL-60 cell cycle with
respect to untreated control cells as analyzed by univariate
DNA histogram. These data are in agreement with previous
studies (9, 20) in which FCM cell cycle analysis by PI staining
demonstrated no perturbations in the cell cycle distribution
after 8-CI-cAMP treatment. The PI/DNA staining technique is
a simple method to measure cellular DNA content. Cells to be
analyzed are stained with PI and analyzed by FCM in which
fluorescence intensity is recorded as a measure of relative DNA
content and represented by a histogram showing the distribu
tion of DNA among the cells of the population (called DNA
distribution). The DNA distribution allows assessment of the
fraction of cells in the various phases of the cell cycle (d, S,

ABC

8-CI-cAMP 8-CI-Ad. CONTROL

SGO/G1 22 %GO/G1 49 %GO/G1 42

SS

%G2M

53
25

%S

%G2M
40

11

%S

%G2M
48

10

Fig. 5. Comparison of the effect of a cytotoxic dose of 8-CI-cAMP and 8-CI-
adenosine (8-Cl-Ad.) on the cell cycle kinetics of HL-60 cells. Control and treated
(8-CI-cAMP or 8-Cl-adenosine) cells were analyzed for cell cycle kinetics as
described in "Materials and Methods." Data represent 1 of 3 separate experiments

that gave similar results.
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and G2M) to evaluate the effects of the perturbing agent on cell
cycle traverse. However, cell cycle perturbations such as blocked
S phase cells or delayed cell transition through the cell cycle
cannot be easily detected by simple PI monoparametric cell
cycle analysis. A more meaningful result of cell cycle kinetics
using FCM can be obtained by bivariate analyses such as
BrdUrd/DNA (18). BrdUrd is an analogue of thymidine in
which a methyl group in thymidine has been replaced by bro
mine to form BrdUrd. A BrdUrd-labeling procedure makes
possible the identification of DNA-replicating cells, using an
tibodies against BrdUrd in cellular DNA. Moreover, BrdUrd
incorporation can also be used to generate information about
the cell cycle traverse of the cohorts of cells pulse labeled with
BrdUrd. In the present study, the use of BrdUrd pulse-labeling
experiments clearly showed that 5 UM 8-Cl-cAMP treatment

led to a slowing down of the progression of the cell cycle.
In contrast, the growth inhibitory effects of A^-benzyl-cAMP,

a site A-selective analogue, accompanied a marked increase in
the percentage of cells in the G0/G, phase after 48 h of treat
ment with a partial recovery at later hours, as shown by univar-

iate DNA analysis.
Previous data have shown that combination treatment with

8-Cl-cAMP and A^-benzyl-cAMP exerts a synergistic effect on

growth inhibition and differentiation (15, 19). In this study,
combination treatment with low doses of both analogues, each
of which alone produces only 20% growth inhibition, induced
a growth inhibition of 65% with a progressive, slow increase of
the GO/GI compartment, reaching the highest degree of G0/G,
accumulation at the end of treatment (72 h). The sum of the
different effects exerted by 8-Cl-cAMP and 7V*-benzyl-cAMP
on HL-60 cell cycle kinetics may explain this phenomena,
namely, the delayed increase of the percentage of HL-60 cells
in the Co/GÃ¬compartment might be due to the slowing down
of the cell cycle exerted by 8-Cl-cAMP.

FCM cell cycle analysis with high cytotoxic doses of 8-C1-
cAMP (10 UM)or /V*-benzyl-cAMP (25 Â¿Â¿M)demonstrated that
8-Cl-cAMP induced an accumulation of cells in the G2M phase
after 72 h of treatment, whereas A*-benzyl-cAMP brought

about a marked increase of the G0/G, compartment.
To address the question of whether HL-60 cell cycle pertur

bation and growth inhibition after 8-Cl-cAMP treatment might
be due to 8-CI-adenosine, a toxic metabolite of 8-Cl-cAMP,
HL-60 cell cycle analysis was performed after treatment with
8-Cl-adenosine. Seventy-two h of treatment with 10 /UM8-C1-
adenosine was as cytotoxic as 10 ÃŸM8-Cl-cAMP, but it did not
induce an increase of the G2M phase of the cell cycle. Recently,
Van Lockeren Campagne et al. (21) proposed that 8-Cl-cAMP
effects on cancer cell growth may be mediated by 8-Cl-adenosine
which is formed from 8-Cl-cAMP mainly by the action of serum
phosphodiesterase(s) and 5'-nucleotidase(s) in the growth me

dium. It has been shown that the heat-inactivated fetal bovine
serum contains much lower hydrolytic activity as compared
with normal bovine serum (only 11% of 8-Cl-cAMP is hydro-

lyzed in 3 days) (21). In our work, all cell growth experiments
and cell cycle kinetics studies were carried out using RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum
to minimize the 8-Cl-cAMP hydrolysis (10 /KM8-Cl-cAMP
would yield 1 ^M 8-Cl-adenosine in heat-inactivated bovine
serum after 3 days). Moreover, the effect exerted after 72 h of
treatment by a 10-fold (10 UM)concentration of 8-Cl-adenosine
on HL-60 cell cycle kinetics was quite different from that of 8-
Cl-cAMP; thus, our experimental data clearly show that the

growth inhibitory effect of 8-Cl-cAMP is not due to 8-Cl-
adenosine.

The mechanisms by which 8-Cl-cAMP and TV-benzyl-cAMP
exert different effects on HL-60 cell cycle kinetics is not clear.
8-Cl-cAMP induces the nuclear translocation of type II PKA
holoenzyme through binding site B of the type II regulatory
subunit (7). This selective nuclear translocation of type II PKA
but not type I PKA may be due to the primary structure of the
RII subunit which contains four positively charged amino acids,
262-K-K-R-265-K(22), the nuclear location sequence (23), near
the site B cAMP-binding site. It may be that selective site B
binding by 8-Cl-cAMP provides a controlled exposure of this
sequence which might be the signal for regulating the transport
of this protein into the nucleus (24).

Several data suggest a role of type II PKA in the regulation
of the cell division process. Haddox et al. (25) have shown that
the type II PKA level increases in the late S phase or G2M
phase in Chinese hamster ovary cells. Furthermore, Kapoor
and Cho-Chung (26) showed by indirect immunofluorescence a
specific compartmentalization of an M, 50,000 type II regula
tory subunit in the mitotic spindle and nucleoli of MDA-MB-
231 human breast cancer cells. Nesterova and Severin (27)
observed that, after introduction of the tritium-labeled R sub-
unit into the cultured 3T3 cells, there was distinct translocation
of this protein into the nucleus and its association with meta-
phase chromosomes. An intriguing hypothesis is that high
cytotoxic doses of 8-Cl-cAMP may result in an overload of type
II PKA regulatory subunit (presumably bound with 8-C1-
cAMP), resulting in disruption of the fine tuning of mitosis and
a block of cells in the G2M phase, whereas the physiological
low doses of 8-Cl-cAMP restore at least partially the physio
logical role of type II PKA in cell cycle, leading to the regulation
of cancer cell proliferation.

cAMP analogues modified at C-6 on the adenine ring, such
as M-benzyl-cAMP, generally show selective binding to site A
of both type I and type II PKAs (13) and are unable to induce
nuclear translocation of type II PKA (16). The absence of
nuclear translocation of type II PKA and facilitation of the
activations of both PKAs (type I and II) might explain the
different effects (G0/Gi arrest) exerted by 7V*-benzyl-cAMP on
the HL-60 cell cycle in comparison to 8-Cl-cAMP.

The results of the present study demonstrate that two differ
ent classes of site-selective cAMP analogues distinctly affect
cell cycle kinetics in HL-60 human leukemia cells and could
explain, on the grounds of cell cycle kinetics, the synergistic
effects exerted by combination treatment with both classes of
analogues. 8-Cl-cAMP, the most potent site-selective cAMP
analogue, now at preclinical phase I studies at the National
Cancer Institute, could become a promising agent in human
cancer chemotherapy. Knowledge of the cell cycle kinetics
effects exerted by these cAMP analogues may be useful to plan
combination treatments between different cAMP analogues or
with other biological modifiers in the treatment of human
leukemia.
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