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8-Cl-cAMP and its Metabolite, 8-Cl-Adenosine Induce
Growth Inhibition in Mouse Fibroblast DT Cells Through
the Same Pathways: Protein Kinase C Activation and

Cyclin B Down-Regulation
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8-Chloro-cyclic AMP (8-Cl-cAMP) is known to bemost effective in inducing growth
inhibition and differentiation of a number of cancer cells. Also, its cellular
metabolite, 8-Cl-adenosine was shown to induce growth inhibition in a variety of
cell lines. However, the signalingmechanism that governs the effects of 8-Cl-cAMP
and/or 8-Cl-adenosine is still uncertain and it is not even surewhich of the two is the
key molecule that induces growth inhibition. In this study using mouse fibroblast
DT cells, it was found that adenosine kinase inhibitor and adenosine deaminase
could reverse cellular growth inhibition induced by 8-Cl-cAMP and 8-Cl-
adenosine. And 8-Cl-cAMP could not induce growth inhibition in the presence
of phosphodiesterase (PDE) inhibitor, but 8-Cl-adenosine could.Wealso found that
protein kinaseC (PKC) inhibitor could restore this growth inhibition, and both the 8-
Cl-cAMPand8-Cl-adenosine could activate the enzymatic activity of PKC.Besides,
after 8-Cl-cAMP and 8-Cl-adenosine treatment, cyclin Bwas down-regulated and a
CDK inhibitor, p27 was up-regulated in a time-dependent manner. These results
suggest that it is not 8-Cl-cAMP but 8-Cl-adenosine which induces growth
inhibition, and 8-Cl-cAMP must be metabolized to exert this effect. Furthermore,
there might exist signaling cascade such as PKC activation and cyclin B down-
regulation after 8-Cl-cAMP and 8-Cl-adenosine treatment. J. Cell. Physiol. 201:
277–285, 2004. � 2004 Wiley-Liss, Inc.

cAMP has been known as a secondary messenger that
is closely related to the regulation of a variety of cellular
functions, such as metabolism (Krebs and Beavo, 1979),
secretion (Litvin et al., 1984), cell proliferation (Stork
and Schmitt, 2002), ion channel regulation (Ewald et al.,
1985), and gene induction (Maurer, 1981; Jungmann
et al., 1983). cAMP can stimulate cell growth in many
cell types such as PC12 cells, pre-adipocytes and Sertoli
cells (Vossler et al., 1997; Yarwood et al., 1998; Boulogne
et al., 2003), whereas, it inhibits cell growth in NIH/3T3
cells and adipocytes (Sevetson et al., 1993; Chen and
Iyengar, 1994).

It has been known that 8-chloro-cyclic AMP (8-Cl-
cAMP), one of the cAMP analogues, initiates growth
inhibition and apoptosis in a broad spectrum of cancer
cell lines by differential modulation of PKA (cAMP-
dependent protein kinase) isozymes, PKA type I and II.
These two isozymes are distinguished by the association
of a different regulatory (R) subunit, RI or RII to an
identical catalytic (C) subunit (Kim et al., 2001). An
increased level of intracellular RI or type I PKA activity
enhances cell growth, and an increased level of RII or
type II PKA activity provokes growth arrest and

differentiation (Beebe et al., 1989; Cho-Chung et al.,
1989). That is, anticancer activity of 8-Cl-cAMP in
cancer cells may be mediated through PKA pathway,
which selectively down-regulates the level of RI or type I
PKA activity. Although this anti-proliferation effect of 8-
Cl-cAMP has been widely reported and 8-Cl-cAMP is
anticipated to be an effective anticancer drug (Cho-
Chung, 1992; Cummings et al., 1994), the mechanisms
involved in anticancer activity of 8-Cl-cAMP are not
fully understood. And the relevance of differential
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modulation of PKA-R subunits during 8-Cl-cAMP-
induced growth inhibition and cytotoxicity is still under
debates (Lamb and Steinberg, 2002). Moreover, many
researchers reported that growth inhibition and cyto-
toxicity induced by 8-Cl-cAMP are mediated by its
cellular metabolite, 8-Cl-adenosine (Halgren et al.,
1998; Gandhi et al., 2001; Lamb and Steinberg, 2002).
Adenosine deaminase that converts 8-Cl-adenosine into
8-Cl-inosine abrogated the cytotoxic effects of not only 8-
Cl-adenosine but also 8-Cl-cAMP in multiple myeloma
cell lines (Halgren et al., 1998). Furthermore, adenosine
kinase-deficient L1210 mouse leukemic cells were
resistant to both agents (Gandhi et al., 2001). In an
attempt to elucidate the signaling pathways involved in
the 8-Cl-cAMP/8-Cl-adenosine-induced growth inhibi-
tion, and to manifest which of the two is the key molecule
that induces growth inhibition, we employed DT cells, a
K-ras-transformed mouse fibroblast, as a model system.
In DT cells, 8-Cl-cAMP does not induce cell death
(apoptosis) but only inhibits proliferation (Kim et al.,
2001), so we can limit our focus solely into the growth
inhibition mechanism by 8-Cl-cAMP excluding the
apoptotic aspect.

Protein kinase C (PKC), a family of phospholipid-
dependent Ser/Thr kinases, regulates many cellular
events, such as cell growth, cell cycle progression and
differentiation (Nishizuka, 1992; Dekker and Parker,
1994), and it might be another mediator of cAMP
signaling. PKC can exert positive or negative regulation
depending on when PKC is activated or which isozymes
are involved in relevant event (Black, 2000). Because
PKC isozymes were shown to be involved in the cellular
proliferation and anti-tumor drug resistance, it has long
been tried to exploit PKC as a major target for anti-
tumor treatment. Subsequent works provided the
evidences that it is essential to activate PKC for anti-
tumor action in certain cell types (Yoshida et al., 1998).
There may exist the mutual interactions between cAMP
and PKC, because phorbol esters such as TPA, which are
potent activators of PKC pathways, inhibit TSH
(cAMP)-mediated human thyroid cell differentiation,
whereas TSH attenuates PKC-mediated thyroid cell
mitogenesis and anti-mitogenesis (Kraiem et al., 1995).
In PC12 cells, cAMP induces differentiation and inhibits
cell growth, and PKC activation acts synergistically
with cAMP on these effects (Kvanta and Fredholm,
1993). Although there are many evidences confirming
the cross-talk between cAMP and PKC, few experiments
has been undertaken concerning the effects of PKC on
the growth inhibition induced by 8-Cl-cAMP.

Evidently, cell cycle regulation is the crucial point of
growth inhibition. Previously, we reported that 8-Cl-
cAMP induced cell death (apoptosis) in a cell cycle-
dependent manner (Kim et al., 2001). In SH-SY5Y
human neuroblastoma cells and HL60 leukemic cells,
after the treatment of 8-Cl-cAMP, cells initially accu-
mulated at the S and G2/M phases of the cell cycle and
then apoptosis began to occur among the population of
cells at the S/G2/M cell cycle phases, indicating that the
8-Cl-cAMP-induced apoptosis is closely related to cell
cycle control. And time-dependent suppression of cyclin
B1 was detected in human glioma cell lines, which might
be responsible for the observed G2 delay (Grbovic et al.,
2002). Also, 8-Cl-adenosine inhibited growth in primary

mouse epidermal keratinocytes through an elevation
in the protein level of p21WAF1/Cip1, a cyclin-depen-
dent kinase (CDK) inhibitor (Dransfield et al., 2001).

In this study, we carried out a series of experiments to
clarify which is the real effector during 8-Cl-cAMP-
induced growth inhibition, between 8-Cl-cAMP itself
and its metabolite 8-Cl-adenosine. Furthermore, we
tried to elucidate the mechanism(s) through which 8-Cl-
cAMP and/or 8-Cl-adenosine induce growth inhibition
in regard to the regulation of PKC activity and
modulation of the level of cyclin proteins.

MATERIALS AND METHODS
Chemicals and drugs

8-Cl-cAMP, 8-Cl-adenosine, and 8-Cl-AMP were pur-
chased from Biolog (Bremen, Germany). [g-32P]-ATP
(6,000 Ci/mmol) was purchased from Dupont NEN
(Boston, MA). SelectideTM (a PKC-specific substrate)
and kemptide (a PKA-specific substrate) were from
Calbiochem (San Diego, CA). GF-109203x (a PKC
inhibitor) was obtained from A. G. Scientific (San Diego,
CA). A-134974 (an adenosine kinase inhibitor) and
adenosine deaminase were purchased from Sigma-
Aldrich (St. Louis, MO). All the other chemicals used
in this research were obtained from Sigma-Aldrich.

Cell culture

DT (K-ras-transformed NIH/3T3) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
Logan, UT). 2774, H1299 and HL60 cells were main-
tained in RPMI 1640 medium (HyClone). SH-SY5Y and
LS-174T cells were maintained in minimum essential
medium with Earle’s salt (EMEM, HyClone). Culture
media were supplemented with 10% heat-inactivated
fetal bovine serum (HyClone), 100 U/ml penicillin G, and
100 mg/ml streptomycin. Cultures were maintained in a
humidified atmosphere of 5% CO2 at 378C. For the
monolayer growth assay, cell number was determined
with CoulterTM counter (Beckman Coulter, Fullerton,
CA) at the indicated time points. For cell growth test,
MTT assay using 3-[4,5-dimethylthiazol-2-yl]-diphenyl-
tetrazolium bromide (MTT) was carried out. Five
thousand cells were seeded in flat-bottomed 24-well-
plates and at an appropriate time interval, MTT (2 mg/
ml in phosphate-buffered saline (PBS)) was added to the
cultures. After incubation for 4 h, the resulting color
reaction product, MTT formazan, was dissolved with
dimethyl sulfoxide, and the absorbance was measured
at 570 nm using microplate reader (Bio-Rad, Hercules,
CA). For soft agar colony formation assay, top agar (0.3%
Difco Noble agar) medium including 5� 104 cells was
layered over 1 ml of 0.8% bottom agar medium in 35 mm
culture dish. After 7 days, colonies were stained with
nitro blue tetrazolium for overnight, and then photo-
graphed under the microscope.

PKC activity assay

Cells were washed twice with PBS and harvested by
scraping and centrifugation, and then homogenized in
an extraction buffer (25 mM Tris pH 7.5, 0.5 mM EDTA,
0.5 mM EGTA, 0.05% Triton X-100, 10 mM b-mercap-
toethanol, 1 mM PMSF, 1 mg/ml each of aprotinin,
pepstatin A, antipain, and leupeptin, 1 mM Na3VO4,
50 mM NaF, and 10 mM pyrophosphate) on ice for
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15 min. The supernatant was obtained by centrifuga-
tion at 10,000g for 10 min. Ten micrograms of total
cell extract was mixed with kinase assay buffer
(200 mM Tris pH 7.5, 5 mM CaCl2, 100 mM MgCl2,
1 mg/ml each of aprotinin, pepstatin A, antipain and
leupeptin, 15 mM ATP, 5 mM [g-32P]-ATP, and 25 mM
of PKC-specific substrate, SelectideTM [Calbiochem, H-
Ala-Ala-Lys-Ile-Gln-Ala-Ser-Phe-Arg-Gly-His-Met-Ala-
Arg-Lys-Lys-OH]), and incubated at 308C for 10 min.
Ten microliters of ice-cold 5% acetic acid was added to
the mixtures to stop the reaction and 30 ml of the
reaction mixtures were spotted onto phosphocellulose
filters (GIBCO-Invitrogen, Carlsbad, CA), and then
washed three times with 1% phosphoric acid. Filters
were air-dried and radioactivities were measured with
liquid scintillation counter (Wallac, Turku, Finland).

PKA activity assay

For the determination of total cellular PKA activity,
cell extract was prepared as in PKC activity assay. Ten
micrograms total cell extract in 10 ml were mixed with 50
ml of kinase assay buffer (50 mM Tris pH 7.5, 1 mM DTT,
10 mM MgCl2, 30 mM Kemptide [H-Leu-Arg-Arg-Ala-
Ser-Leu-Gly-OH], and 5mM [g-32P]-ATP) in the presence
or absence of 5 mM cAMP, and incubated at 378C for
5 min. After the reaction, radioactivity was measured as
in PKC activity assay.

Western blot analysis

At appropriate time points after treatment of 10 mM 8-
Cl-cAMP, monolayer cells were washed with PBS and
then harvested by scraping and centrifugation. Cell
pellet was suspended in an extraction buffer (20 mM
Tris-Cl pH 7.4, 100 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 5 mM MgCl2, 1 mM PMSF, 1 mg/ml each of
aprotinin, pepstatin A, antipain, and leupeptin), and
incubated on ice for 15 min. After the centrifugation at
10,000g for 15 min at 48C, supernatant was taken as cell
extract. The extracts were electrophoresed on a 10%
SDS/polyacrylamide gel and transferred onto PVDF
membrane. Protein-bound membrane was incubated
with appropriate antibodies, followed by horseradish
peroxidase-conjugated anti-mouse or rabbit IgG anti-
body (Bio-Rad). The relevant protein bands were then
visualized using Enhanced Chemiluminescence (ECL)
detection kit (Amersham, Piscataway, NJ).

Polyclonal antibodies against PKA subunits were
previously described (Lee et al., 1999). Antibodies for
cyclin B, A, D, and E were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibody for p27Kip

was obtained from BD Transduction Laboratories (San
Diego, CA).

RESULTS
8-Cl-cAMP metabolism is essential for

growth inhibition

We first checked the growth of DT cells by MTT assay
after treating the cells with 8-Cl-cAMP and 8-Cl-
adenosine. Both 8-Cl-cAMP and 8-Cl-adenosine induced
growth inhibition in a dose-dependent manner
(Fig. 1a,b; IC50 for 8-Cl-cAMP is about 2 mM and for 8-
Cl-adenosine is about 0.5 mM). 8-Cl-cAMP is first
converted to 8-Cl-AMP by phosphodiesterase (PDE),

and then further metabolized to 8-Cl-adenosine by the
action of nucleotide phosphatase. To determine whether
8-Cl-cAMP metabolism toward 8-Cl-adenosine is essen-
tial for growth inhibition, we co-treated PDE inhibitor,
IBMX (3-isobutyl-1-methyl-xanthine, 100mM) with both
drugs. IBMX could reverse the 8-Cl-cAMP-induced
growth inhibition (Fig. 1a), but had no effect on 8-Cl-
adenosine (Fig. 1b). However, IBMX could not attenuate
the PKA activity increased by the treatment with 8-Cl-
cAMP (Fig. 1c). This result suggests that the growth
inhibition might occur through another mechanism(s)
rather than conventional cAMP-PKA signaling path-
way. IBMX itself can activate PKA because it increases
intracellular cAMP by blockage of PDE action, which
changes cAMP to AMP. Furthermore, both 8-Cl-cAMP
and 8-Cl-adenosine down-regulated the PKA RIa
subunit level and IBMX had no effect on this RIa
down-regulation (Fig. 1d). When the cells were co-
treated with adenosine deaminase (AD, 1.6 U/ml) that
converts 8-Cl-adenosine to 8-Cl-inosine, both 8-Cl-
cAMP and 8-Cl-adenosine did not show any growth
inhibitory effects (Fig. 1a,b). In addition, adenosine
kinase inhibitor (A-134974, 1 mM) almost completely
blocked the growth inhibition induced by 8-Cl-cAMP
and 8-Cl-adenosine (Fig. 1e). A-134974 showed the
identical reversal of growth inhibition when treated
in theculturesofvarioushumancancer cell lines, even in
HL60 and SH-SY5Y that undergo apoptosis as well as
growth inhibition after 8-Cl-cAMP treatment (Fig. 2).
Taken together, these results suggest that 8-Cl-adeno-
sine is the key molecule and the metabolism of 8-Cl-
cAMP is prerequired for inducing the growth inhibition
in a variety of cancer cell lines.

8-Cl-cAMP and 8-Cl-adenosine induce growth
inhibition through PKC activation

Next, we tried to identify the signaling pathway that
governs the 8-Cl-cAMP-induced growth inhibition.
Unexpectedly, it turned out that inhibition of PKA
catalytic activity did not attenuate the growth inhibition
(data not shown). We accordingly sought after another
pathway(s) known to be involved in the regulation of cell
growth. Among them, PKC turned out to be the most
plausible candidate because a PKC inhibitor, GF-
109203x could restore the 8-Cl-cAMP- and 8-Cl-
adenosine-induced growth inhibition. 8-Cl-cAMP
(10 mM) suppressed the DT cell growth down to 10% of
control. However, when cells were co-treated with GF-
109203x (3 mM), the cell number increased up to 50%
(Fig. 3a). Even if GF-109203x itself had some growth
inhibitory effect, it significantly attenuated 8-Cl-cAMP-
induced growth inhibition. To verify the relationship
between PKC and 8-Cl-cAMP, we carried out PKC
activity assay using PKC-specific peptide substrate,
SelectideTM (Fig. 3b). The enzymatic activity of PKC
subtly increased after 12 h and greatly augmented at
72 h after the treatment with 8-Cl-cAMP. This enhanced
activity was sustained and further increased until
5 days after treatment. To investigate whether the anti-
tumor activity of 8-Cl-cAMP was also affected by PKC
inhibition, we performed soft agar culture assay, which
can be used to test the anchorage-independent growth
activity (Fig. 3c). Control DT cells showed anchorage-
independent growth that is a major phenotype of
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transformed cell lines. However, 8-Cl-cAMP-treated
cells could not grow well on soft agar medium. In
parallel with the data in growth rate experiments,
inhibition of PKC activity by GF-109203x also reversed

the reduced anchorage independent growth of DT cells
caused by 8-Cl-cAMP treatment.

8-Cl-adenosine also influenced cell growth in a PKC-
dependent manner. 8-Cl-adenosine (1 mM) induced

Fig. 1. 8-Chloro-cyclic AMP (8-Cl-cAMP)-induced growth inhibition
is mediated by its metabolite, 8-Cl-adenosine (Ado). a: Cell growth
assay after 8-Cl-cAMP treatment. Mouse fibroblast DT cells were
incubated with 8-Cl-cAMP for 3 days. 8-Cl-cAMP (8Cl) induced growth
inhibition in a dose-dependent manner (IC50 is about 2 mM). This
growth inhibition was reverted to normal level by the co-treatment of
phosphodiesterase (PDE) inhibitor (þIBMX, 100 mM) or adenosine
deaminase (þAD, 1.6 U/ml). The graph denotes cellular growth
(mean�SD, n¼ 4) measured using MTT assay as described in
‘‘Materials and Methods.’’ b: Cell growth assay after Ado treatment.
After 3 day-treatment of Ado, cellular growth was measured as in part
(a). Ado-induced growth inhibition (IC50 is about 0.5 mM) was blocked
by adenosine deaminase, but IBMX had no effect. c: The effect of
IBMX on PKA activity increased by 8-Cl-cAMP. Bars denote PKA
activities (meanþSD, n¼3) measured as in ‘‘Materials and Methods.’’
8-Cl-cAMP (10 mM for 3 days) increased basal (�cAMP) and total
(þcAMP) PKA activities, where co-treatment with IBMX (100 mM) had

no effect. IBMX alone could evoke PKA activation. Asterisks (*) denote
differences from mock-treated control group (P<0.05, two-tailed t-
test). d: The effect of IBMX on RIa down-regulation. Both 8-Cl-cAMP
(8Cl, 10 mM) and Ado (2 mM) down-regulated protein level of PKA RIa
subunit, which was not affected by IBMX co-treatment. RIIb protein
levels showed less variation between the treated groups compared
with RIa. The intensity of each band was quantitated with
densitometer. In RIa blot, the relative values are 1, 0.12, 0.37, 0.94,
0.41, and 0.17, however, in RIIb blot, these values are 1, 0.76, 0.74,
0.84, 0.86, and 0.68. These are representatives from three separate
experiments with similar results. e: The effect of adenosine kinase
inhibitor on growth inhibition induced by 8-Cl-cAMP and Ado. Bars
denote cell numbers (meanþSD, n¼ 4) counted at 3 days after
treatments of indicated drugs. Adenosine kinase inhibitor (A134974, 1
mM) completely blocked growth inhibition induced by both 8-Cl-cAMP
(8Cl) and Ado. Asterisks (*) denote differences from 8Cl and Ado
group, respectively (P< 0.01, two-tailed t-test).
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about 50% growth inhibition compared with mock-
treated control, and this inhibition was almost comple-
tely blocked by treatment of GF-109203x, in parallel
with the 8-Cl-cAMP (Fig. 3d). Likewise, the activity of
PKC was enhanced by 8-Cl-adenosine, and the
enhanced activity of PKC returned to normal level by
co-treatment of adenosine kinase inhibitor (A-134974)
in both the 8-Cl-cAMP- and 8-Cl-adenosine-treated
samples (Fig. 3e). IBMX also could diminish the 8-Cl-
cAMP-induced PKC activation, but IBMX alone could
not influence the PKC activity (Fig. 3f). These suggest
that 8-Cl-cAMP inhibits cell growth via PKC activation,
and it must be metabolized to 8-Cl-adenosine to activate
PKC.

8-Cl-cAMP and 8-Cl-adenosine down-regulate cyclin
B and up-regulate p27Kip1

Previously, we verified that 8-Cl-cAMP induces cell
cycle-specific apoptosis in human cancer cells (Kim et al.,
2001). In SH-SY5Y and HL60 cells, after 8-Cl-cAMP-
treatment, cells were accumulated in S/G2/M phase and
then underwent cell death. To prove whether this cell
cycle specific effect is also related with growth inhibition
in DT cells, we investigated the protein expression levels
of cyclins and p27Kip1 CDK inhibitor using Western
blotting. Among the four cyclin proteins tested, only
cyclin B that is important for G2–M transition showed a
decreasing trend from 36 h after 8-Cl-cAMP-treatment
(Fig. 4a). Expression levels of other cyclins such as cyclin
A, D, and E did not change during 8-Cl-cAMP-incuba-
tion. Furthermore, 8-Cl-cAMP increased the p27Kip1

protein level, which belongs to the Cip/Kip CDK
inhibitor family (Fig. 4a). 8-Cl-adenosine also decreased
the cyclin B (Fig. 4c) and increased p27Kip1 protein level
(Fig. 4b). In addition, adenosine kinase inhibitor and
PKC inhibitor, just like the effects mentioned above,
restored these distorted level of cell cycle proteins to
normal conditions (Fig. 4c,d). IBMX, a PDE inhibitor,
blocked the effect of 8-Cl-cAMP on cyclin B down-

regulation. However, it could not recover the decreased
level of cyclin B caused by 8-Cl-adenosine or 8-Cl-AMP
(Fig. 4e). 8-Cl-cAMP is converted to 8-Cl-AMP by PDE
and further metabolized to 8-Cl-adenosine by nucleotide
phosphatase. Hence, the cell cycle protein regulation of
8-Cl-cAMP is also dependent upon the activity of PKC
and for this process, it is still necessary for 8-Cl-cAMP to
be metabolized into 8-Cl-adenosine or further metabo-
lites.

DISCUSSION

It has been known that 8-Cl-cAMP, a site selective
analogue of cAMP, exerted growth inhibition in numer-
ous cancer cells (Cho-Chung et al., 1989) and, moreover,
induced apoptosis even more dominantly in cancer cells
compared to the non-transformed counterparts (Kim
et al., 2001). Based on these findings, many researchers
have been trying to adopt 8-Cl-cAMP as a new
therapeutic agent against cancer and phase I clinical
test has been accomplished (Cummings et al., 1996;
Propper et al., 1999). However, the mechanisms through
which 8-Cl-cAMP induces growth inhibition and cell
death are still unclear and under debate. Cho-Chung
et al. proved that 8-Cl-cAMP differentially regulates the
regulatory subunits of PKA, i.e., it preferentially
decreases RI subunit level so that the RI/RII ratio went
down. They found that these decreased RI/RII ratio
caused growth retardation because RIa antisense
oligonucleotides that block the expression of RIa led to
the growth inhibition and RIIb antisense oligonucleo-
tides attenuated 8-Cl-cAMP-induced growth inhibition
(Tortora et al., 1990; Yokozaki et al., 1993).

However, lots of articles describe the effects of 8-Cl-
cAMP on cellular growth in somewhat different
ways (Langeveld et al., 1997; Halgren et al., 1998;
Gandhi et al., 2001; Lamb and Steinberg, 2002). They
showed that 8-Cl-adenosine, a metabolite of 8-Cl-cAMP,
can induce growth inhibition, and moreover, the
growth inhibitory effect of 8-Cl-cAMP is mediated by

Fig. 2. Adenosine kinase inhibitor (A134974) attenuated 8-Cl-cAMP-
induced growth inhibition in various human cancer cell lines (HL60,
leukemia cells; H1299, lung carcinoma cells; 2774, ovarian carcinoma
cells; SH-SY5Y, neuroblastoma cells; LS-174T, colon carcinoma cells).

Each graph represents cell number (meanþSD, n¼ 3) counted after 8-
Cl-cAMP treatment (10 mM for 3 days) in the presence or absence of
1 mM A-134974. Asterisks (*) denote differences from only 8-Cl-cAMP-
treated group (P< 0.01, two-tailed t-test).
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Fig. 3. 8-Cl-cAMP and Ado induce growth inhibition through PKC
activation. a: The effect of PKC inhibitor on 8-Cl-cAMP-induced
growth inhibition. DT cells were treated with 8-Cl-cAMP (8Cl, 10 mM)
for the indicated times with or without PKC inhibitor, GF-109203x
(GF, 3 mM). The graph shows cell numbers (mean�SD, n¼ 3) counted
after the treatments. GF-109203x itself had some growth inhibitory
effect, but it significantly attenuated 8-Cl-cAMP-induced growth
inhibition. Asterisks (*) denote differences from only 8-Cl-cAMP-
treated group (P<0.01, two-tailed t-test). b: PKC activity assay after
8-Cl-cAMP treatment. Graph represents PKC activity (mean�SD,
n¼ 3) measured after 10 mM 8-Cl-cAMP-treatment for indicated times
according to the protocol described in ‘‘Materials and Methods.’’ 8-Cl-
cAMP started to induce PKC activation after 12 h of incubation and
further increased the PKC activity at 72 h after the treatment.
Asterisks (*) denote differences from 0 h-treated group (P<0.01, two-
tailed t-test). c: The effect of PKC inhibitor on 8-Cl-cAMP-induced
anti-tumor activity. Soft agar colony formation assay was carried out
as described in ‘‘Materials and Methods.’’ PKC inhibition also reversed
the reduced anchorage independent growth of DT cells caused by 8-Cl-
cAMP treatment. The graph represents the colony numbers (larger

than 100 mm in diameter; meanþSD, n¼3) counted at three
independent microscopic fields (�40). d: The effect of PKC inhibitor
on Ado induced growth inhibition. After Ado (1 mM) treatment for 3
days in the presence or absence of GF-109203x (3 mM), cell numbers
(meanþSD, n¼ 3) were counted. GF-109203x attenuated Ado-
induced growth inhibition, too. Asterisk (*) denotes difference from
Ado group (P< 0.01, two-tailed t-test). e: The effect of adenosine
kinase inhibitor on PKC activation by 8-Cl-cAMP and Ado. As in part
(b), PKC activities were measured after the treatment of 8-Cl-cAMP
(8Cl, 10 mM) and Ado (2 mM) for 3 days with or without adenosine
kinase inhibitor, A-134974 (1 mM). A-134974 suppressed PKC
enzymatic activity induced by both 8-Cl-cAMP and Ado. Asterisks
(*) denote differences from mock-treated control group (P< 0.05) and
sharps (#) represent difference from 8Cl and Ado group, respectively
(P< 0.01, two-tailed t-test). f: The effect of IBMX on PKC activation by
8-Cl-cAMP. 8-Cl-cAMP was treated for 3 days in combinations with
IBMX (100 mM) and then PKC activities were measured. IBMX also
attenuated 8-Cl-cAMP-induced PKC activation. Asterisk (*) denotes
difference from mock-treated control group (P< 0.01) and sharp (#)
means difference from 8Cl group (P< 0.01, two-tailed t-test).
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8-Cl-adenosine. 8-Cl-cAMP is converted to 8-Cl-AMP by
the action of PDEs and further metabolized into 8-Cl-
adenosine by nucleotide phosphatase. This 8-Cl-adeno-
sine is then modified to 8-Cl-inosine by adenosine
deaminase or to 8-Cl-ATP by adenosine kinase. The
chemicals that inhibit the metabolic pathway of 8-Cl-
cAMP can offset the growth inhibitory effect of 8-Cl-
cAMP (Lamb and Steinberg, 2002). The action mechan-
ism through which 8-Cl-adenosine exerts its effect on
cell growth is also uncertain. However, it was reported
that 8-Cl-adenosine might disturb the intracellular ATP
pool and further inhibit nucleic acid synthesis, espe-
cially RNA synthesis (Gandhi et al., 2001).

We showed that 8-Cl-cAMP-induced growth inhibi-
tion was blocked by the chemicals or enzyme that
prohibit the progression of 8-Cl-cAMP metabolism,
which suggests that 8-Cl-adenosine or its further
metabolites are the key molecule(s) in cellular responses
to 8-Cl-cAMP. 8-Cl-ATP into which 8-Cl-adenosine is
converted by adenosine kinase may play an important
role in this process. Treatment of 8-Cl-adenosine
increased the intracellular concentration of 8-Cl-ATP,
whereas that of ATP inside the cell was decreased
(Gandhi et al., 2001). It is possible that this newly
produced 8-Cl-ATP may substitute for ATP in various
cellular actions such as cofactor of many enzymes and
precursor of nucleotide synthesis.

As described above, 8-Cl-cAMP can differentially
modulate regulatory subunits of PKA, that is, increases
type II regulatory subunit but decreases type I, and this
unbalanced RI/RII ratio causes growth inhibition and
cell death (Cho-Chung, 1992). However, IBMX that
completely blocked the growth inhibitory effect of 8-Cl-
cAMP could not restore RIa protein level decreased by 8-
Cl-cAMP-treatement. Furthermore, 8-Cl-adenosine,
which is not a cAMP derivative, also down-regulated
RIa protein, just like 8-Cl-cAMP did. These results
suggest that RIa down-regulation is not the major cause
of growth inhibition and there might exist another
growth inhibitory mechanisms rather than RIa down-
regulation. In this study, we proposed that PKC
activation by 8-Cl-cAMP and 8-Cl-adenosine takes an
important role during progression of growth inhibition
in mouse fibroblasts.

There have been many evidences showing that the
cross-talk might exist between cAMP and PKC signaling
pathways (Cambier et al., 1987; Liedtke and Cole, 1998;
Roberson et al., 1999). For example, in mouse B-
lymphocytes, cAMP-generating signal can activate
nuclear translocation of PKC and this nuclear PKC
may function in the regulation of gene expression
(Cambier et al., 1987). 8-Cl-cAMP might also have some
correlation with PKC. In human mammary xenografts,
8-Cl-cAMP-treatment induced growth stasis and

Fig. 4. 8-Cl-cAMP- and Ado-induced growth inhibitions are mediated
by cyclin B down-regulation. a: The effect of 8-Cl-cAMP on protein
expressions of cyclins and p27Kip1. After the treatment of 8-Cl-cAMP
for the indicated times, cyclins and p27Kip1 protein levels were
determined by Western blotting as described in ‘‘Materials and
Methods.’’ Among the tested cyclins, only cyclin B protein started to
decrease at 36 h after the treatment and nearly disappeared after 72 h.
On the contrary, a CDK inhibitor p27Kip1 was increased after 12 h of
the treatment. b: p27Kip1 expression after Ado treatment. After the
treatment of 8-Cl-cAMP (8Cl, 10 mM) and Ado (2 mM) for 3 days,
p27Kip1 protein level was measured as in part (a). Ado also increased
p27Kip1 protein expression level. c: The effect of adenosine kinase

inhibitor on cyclin B down-regulation by 8-Cl-cAMP and Ado. After 8-
Cl-cAMP- or Ado-treatment for 72 h in the presence or absence of A-
134974, cyclin B protein levels were measured. A-134974 restored
cyclin B protein level down-regulated by 8-Cl-cAMP and Ado. d: The
effect of PKC inhibitor on cyclin B down-regulation. As in part (c),
cyclin B Western blotting was performed but A-134974 was sub-
stituted by GF-109203x. GF-109203x also restored cyclin B protein
level to normal. e: The effect of IBMX on cyclin B down-regulation.
Cyclin B protein levels were decreased by the treatment of 8-Cl-cAMP
(8Cl, 10 mM), 8-Cl-AMP (AMP, 10 mM), and Ado (2 mM) for 72 h. Cyclin
B down-regulation by 8-Cl-cAMP was recovered by IMBX. In the Ado-
and 8-Cl-AMP-treated groups, IBMX showed no effect.
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rebound in tumor growth occurred when the treatment
was ceased. During this process, PKC activity was also
modulated (Parandoosh et al., 1990). Nevertheless,
there has been no evidence representing 8-Cl-cAMP-
induced growth inhibition is directly related with PKC
activation. In our experiments, it was found that PKC
inhibitor could revert 8-Cl-cAMP- and 8-Cl-adenosine-
induced growth inhibition and PKC activity was
elevated by these treatments. Furthermore, PKC inhi-
bitor also recovered cyclin B expression down-regulated
by 8-Cl-cAMP. However, 8-Cl-cAMP-induced cell death
was not influenced by PKC inhibition. In SH-SY5Y and
HL60 cell lines, where 8-Cl-cAMP can induce not only
inhibition of proliferation but also cell death, PKC
inhibitor could not increase the cell growth suppressed
by 8-Cl-cAMP (data not shown). It is suggested that 8-
Cl-cAMP-induced growth inhibition is dependent on the
activity of PKC but cell death is not.

As mentioned above, 8-Cl-cAMP and 8-Cl-adenosine
are undergoing phase I clinical test against human
cancers (Cummings et al., 1996; Propper et al., 1999).
However, the debate is still going on as to whether 8-Cl-
cAMP is a prodrug for its metabolite, 8-Cl-adenosine.
The data presented here support the hypothesis that the
metabolism of 8-Cl-cAMP is necessary for its growth
inhibitory action. Nonetheless, it is still tenable that RIa
down-regulation by 8-Cl-cAMP is responsible for growth
inhibitory effect, because 8-Cl-adenosine can also
modulate the RIa protein level. Further researches
must be carried out to elucidate the exact mechanisms of
8-Cl-cAMP-induced growth inhibition. But based on our
experiments performed here, there might exist at least
two pathways that transduce 8-Cl-cAMP signal; one is
through the modulation of PKA regulatory subunits and
the other is through PKC activation and cyclin B down-
regulation.

ACKNOWLEDGMENT

Y.-H. Ahn and J.M. Jung are supported by BK21
Research Fellowship from the Korean Ministry of
Education.

LITERATURE CITED

Beebe SJ, Segaloff DL, Burks D, Beasley-Leach A, Limbird LE, Corbin
JD. 1989. Evidence that cyclic adenosine 30,50-monophosphate-
dependent protein kinase activation causes pig ovarian granulosa
cell differentiation, including increases in two type II subclasses of
this kinase. Biol Reprod 41:295–307.

Black JD. 2000. Protein kinase C-mediated regulation of the cell cycle.
Front Biosci 5:D406–D423.

Boulogne B, Habert R, Levacher C. 2003. Regulation of the prolifera-
tion of cocultured gonocytes and sertoli cells by retinoids, triio-
dothyronine, and intracellular signaling factors: Differences
between fetal and neonatal cells. Mol Reprod Dev 65:194–203.

Cambier JC, Newell MK, Justement LB, McGuire JC, Leach KL, Chen
ZZ. 1987. Ia binding ligands and cAMP stimulate nuclear transloca-
tion of PKC in B lymphocytes. Nature 327:629–632.

Chen J, Iyengar R. 1994. Suppression of Ras-induced transformation
of NIH 3T3 cells by activated G alpha s. Science 263:1278–1281.

Cho-Chung YS. 1992. Modulation of adenylate cyclase signalling.
Semin Cancer Biol 3:361–367.

Cho-Chung YS, Clair T, Tagliaferri P, Ally S, Katsaros D, Tortora G,
Neckers L, Avery TL, Crabtree GW, Robins RK. 1989. Site-selective
cyclic AMP analogs as new biological tools in growth control,
differentiation, and proto-oncogene regulation. Cancer Invest
7:161–177.

Cummings J, Fielding H, Miller WR. 1994. Pharmaceutical analysis of
8-chloroadenosine 30,50-monophosphate. J Pharm Biomed Anal
12:1289–1294.

Cummings J, Langdon SP, Ritchie AA, Burns DJ, Mackay J,
Stockman P, Leonard RC, Miller WR. 1996. Pharmacokinetics,
metabolism, and tumour disposition of 8-chloroadenosine 30,50-
monophosphate in breast cancer patients and xenograft bearing
mice. Ann Oncol 7:291–296.

Dekker LV, Parker PJ. 1994. Protein kinase C—A question of
specificity. Trends Biochem Sci 19:73–77.

Dransfield DT, Griner RD, Ray S, Keskintepe M, Bollag WB. 2001. 8-
Cl-adenosine induces growth arrest without differentiation of
primary mouse epidermal keratinocytes. J Invest Dermatol 117:
1588–1593.

Ewald DA, Williams A, Levitan IB. 1985. Modulation of single Ca2þ-
dependent Kþ-channel activity by protein phosphorylation. Nature
315:503–506.

Gandhi V, Ayres M, Halgren RG, Krett NL, Newman RA, Rosen ST.
2001. 8-Chloro-cAMP and 8-chloro-adenosine act by the same
mechanism in multiple myeloma cells. Cancer Res 61:5474–5479.

Grbovic O, Jovic V, Ruzdijic S, Pejanovic V, Rakic L, Kanazir S. 2002.
8-Cl-cAMP affects glioma cell-cycle kinetics and selectively induces
apoptosis. Cancer Invest 20:972–982.

Halgren RG, Traynor AE, Pillay S, Zell JL, Heller KF, Krett NL,
Rosen ST. 1998. 8Cl-cAMP cytotoxicity in both steroid sensitive and
insensitive multiple myeloma cell lines is mediated by 8Cl-
adenosine. Blood 92:2893–2898.

Jungmann RA, Kelley DC, Miles MF, Milkowski DM. 1983. Cyclic
AMP regulation of lactate dehydrogenase. Isoproterenol and N6,O2-
dibutyryl cyclic AMP increase the rate of transcription and change
the stability of lactate dehydrogenase a subunit messenger RNA in
rat C6 glioma cells. J Biol Chem 258:5312–5318.

Kim SN, Kim SG, Park JH, Lee MA, Park SD, Cho-Chung YS, Hong
SH. 2000. Dual anticancer activity of 8-Cl-cAMP: Inhibition of cell
proliferation and induction of apoptotic cell death. Biochem Biophys
Res Commun 273:404–410.

Kim SN, Ahn YH, Kim SG, Park SD, Cho-Chung YS, Hong SH. 2001.
8-Cl-cAMP induces cell cycle-specific apoptosis in human cancer
cells. Int J Cancer 93:33–41.

Kraiem Z, Sadeh O, Yosef M, Aharon A. 1995. Mutual antagonistic
interactions between the thyrotropin (adenosine 30,50-monopho-
sphate) and protein kinase C/epidermal growth factor (tyrosine
kinase) pathways in cell proliferation and differentiation of cultured
human thyroid follicles. Endocrinology 136:585–590.

Krebs EG, Beavo JA. 1979. Phosphorylation–dephosphorylation of
enzymes. Annu Rev Biochem 48:923–959.

Kvanta A, Fredholm BB. 1993. Synergistic effects between pro-
tein kinase C and cAMP on activator protein-1 activity and
differentiation of PC-12 pheochromocytoma cells. J Mol Neurosci
4:205–214.

Lamb D, Steinberg RA. 2002. Anti-proliferative effects of 8-chloro-
cAMP and other cAMP analogs are unrelated to their effects on
protein kinase A regulatory subunit expression. J Cell Physiol
192:216–224.

Langeveld CH, Jongenelen CA, Theeuwes JW, Baak JP, Heimans JJ,
Stoof JC, Peters GJ. 1997. The antiproliferative effect of 8-chloro-
adenosine, an active metabolite of 8-chloro-cyclic adenosine mono-
phosphate, and disturbances in nucleic acid synthesis and cell cycle
kinetics. Biochem Pharmacol 53:141–148.

Lee GR, Kim SN, Noguchi K, Park SD, Hong SH, Cho-Chung YS.
1999. Ala99ser mutation in RIa regulatory subunit of protein kinase
A causes reduced kinase activation by cAMP and arrest of hormone-
dependent breast cancer growth. Mol Cell Biochem 195:77–86.

Liedtke CM, Cole TS. 1998. Antisense oligonucleotide to PKC-epsilon
alters cAMP-dependent stimulation of CFTR in Calu-3 cells. Am J
Physiol 275:C1357–C1364.

Litvin Y, PasMantier R, Fleischer N, Erlichman J. 1984. Hormonal
activation of the cAMP-dependent protein kinases in AtT20
cells. Preferential activation of protein kinase I by corticotropin
releasing factor, isoproterenol, and forskolin. J Biol Chem 259:
10296–10302.

Maurer RA. 1981. Transcriptional regulation of the prolactin gene by
ergocryptine and cyclic AMP. Nature 294:94–97.

Nishizuka Y. 1992. Intracellular signaling by hydrolysis of phospho-
lipids and activation of protein kinase C. Science 258:607–614.

Parandoosh Z, Rubalcava B, Finch RA, Robins RK, Avery TL.
1990. Changes in diacylglycerol and membrane associated protein
kinase C activity reflect the growth status of xenografted human
mammary carcinoma treated with 8-Cl-cAMP. Cancer Lett 49:
195–200.

Propper DJ, Saunders MP, Salisbury AJ, Long L, O’Byrne KJ,
Braybrooke JP, Dowsett M, Taylor M, Talbot DC, Ganesan

284 AHN ET AL.



TS, Harris AL. 1999. Phase I study of the novel cyclic AMP (cAMP)
analogue 8-chloro-cAMP in patients with cancer: Toxicity, hormo-
nal, and immunological effects. Clin Cancer Res 5:1682–1689.

Roberson ED, English JD, Adams JP, Selcher JC, Kondratick C,
Sweatt JD. 1999. The mitogen-activated protein kinase cascade
couples PKA and PKC to cAMP response element binding protein
phosphorylation in area CA1 of hippocampus. J Neurosci 19:4337–
4348.

Sevetson BR, Kong X, Lawrence JC, Jr. 1993. Increasing cAMP
attenuates activation of mitogen-activated protein kinase. Proc Natl
Acad Sci USA 90:10305–10309.

Stork PJ, Schmitt JM. 2002. Crosstalk between cAMP and MAP
kinase signaling in the regulation of cell proliferation. Trends Cell
Biol 12:258–266.

Tortora G, Clair T, Cho-Chung YS. 1990. An antisense oligodeox-
ynucleotide targeted against the type II beta regulatory subunit
mRNA of protein kinase inhibits cAMP-induced differentiation in

HL-60 leukemia cells without affecting phorbol ester effects. Proc
Natl Acad Sci USA 87:705–708.

Vossler MR, Yao H, York RD, Pan MG, Rim CS, Stork PJ. 1997. cAMP
activates MAP kinase and Elk-1 through a B-Raf- and Rap1-
dependent pathway. Cell 89:73–82.

Yarwood SJ, Kilgour E, Anderson NG. 1998. Cyclic AMP potentiates
growth hormone-dependent differentiation of 3T3-F442A preadipo-
cytes: Possible involvement of the transcription factor CREB. Mol
Cell Endocrinol 138:41–50.

Yokozaki H, Budillon A, Tortora G, Meissner S, Beaucage SL, Miki K,
Cho-Chung YS. 1993. An antisense oligodeoxynucleotide that
depletes RI alpha subunit of cyclic AMP-dependent protein kinase
induces growth inhibition in human cancer cells. Cancer Res
53:868–872.

Yoshida M, Yokokura H, Hidaka H, Ikekawa T, Saijo N. 1998.
Mechanism of antitumor action of PKC activator, gnidimacrin. Int J
Cancer 77:243–250.

8-Cl-cAMP-INDUCED GROWTH INHIBITION 285


