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Abstract. The aim of this study was to investigate the molec-
ular mechanism of 8-chloroadenosine 3',5'-monophosphate 
(8-Cl-cAMP) in the inhibition of the growth and induction of 
apoptosis of multiple myeloma (MM) cells. Two MM-derived 
cell lines, RPMI-8226 and U266, were used. Cell viability, 
apoptosis induction and mitochondrial transmembrane 
potential were determined and the expression levels of cell 
cycle regulatory proteins (Cdk2, cyclin E, p27 and c-myc) 
and p38 mitogen-activated protein kinase (MAPK) protein 
were detected. Following treatment with 8-Cl-cAMP, the 
percentage of apoptotic cells increased in a concentration- and 
time-dependent manner and the mitochondrial transmembrane 
potential collapsed to reveal typical apoptotic features. Our 
data further demonstrated that 8-Cl-cAMP induced progres-
sive phosphorylation of p38 MAPK and that the expression 
levels of p27 proteins in the MM cells were increased whereas 
those of c-myc were significantly decreased. Notably, the pro-
apoptotic effect of 8-Cl-cAMP was largely prevented by a p38 
MAPK inhibitor. Furthermore, knockdown of p27 was able to 
decrease the 8-Cl-cAMP-induced apoptosis in the MM cells. 
These results indicate that 8-Cl-cAMP induced p27-dependent 
cell cycle arrest and apoptosis in the MM cells, which demon-
strates the potential of cAMP-modulating agents for use in the 
treatment of MM.

Introduction

Multiple myeloma (MM) is an incurable B-cell malignancy 
characterized by infiltrating, slow-growing plasma cells in 

the bone marrow that produce monoclonal immunoglobulin 
molecules (1). MM is more common than Hodgkin disease and 
acute leukemia and accounts for 1% of all cancers and slightly 
more than 10% of all hematological cancers. Few effec-
tive therapies have existed until recently. Alkylating agents 
and corticosteroids were the therapy of choice for several 
decades. A number of novel agents for MM have now become 
available, including the immunomodulatory drugs thalido-
mide and lenalidomide, as well as the proteasome inhibitor 
bortezomib (2-5). Although numerous therapeutic advances, 
including combined chemotherapy and hematopotietic stem 
cell transplantation, have been made to improve the survival 
of patients with MM, a high proportion of patients are not able 
to expect long term remission due to drug-resistant disease, 
minimal residual disease or infection. In order to overcome 
these limitations, certain new promising approaches are being 
widely studied (6,7). 

As with unregulated proliferation, dysregulated apoptosis 
is also an important event in carcinogenesis. MM cells over-
express the apoptotic antagonists bcl-2 and bcl-xL, although 
they are not overtly hyperproliferative (8,9). The protection 
against apoptosis may be significant in the expansion and/or 
resistance of the MM cell clones to chemotherapy. Modulation 
of apoptosis with adjuvant therapy may have the potential 
to improve the clinical outcome of MM. In further studies, 
the safety and efficacy of a combination therapy should be 
investigated (10). 

Cyclic adenosine monophosphate (cAMP), a well-known 
and ubiquitous chemical messenger, has an antiproliferative 
effect on the majority of cell types (11,12). The best studied 
of its derivatives is 8-chloroadenosine 3',5'-monophosphate 
(8-Cl-cAMP), which has demonstrated antiproliferative 
effects in vitro and in vivo and has been evaluated in phase I/II 
clinical trials (11,13,14). 8-Cl-cAMP is a site-selective analog 
of cAMP. It has been reported that 8-Cl-cAMP shows a 
potent growth inhibitory effect and has reverse-transforming 
activity in cancer cells (15-18). In the current study, we inves-
tigated the ability of 8-Cl-cAMP to induce apoptosis in two 
MM cell lines, RPMI-8226 and U266. Our results indicate 
that 8-Cl-cAMP-induced cellular apoptosis occurred in a 
concentration- and time-related manner with mitochondrial 
transmembrane potential collapse, increased expression levels 
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of p27 and decreased expression levels of c-myc. p27 knock-
down was able to decrease the 8-Cl-cAMP-induced apoptosis 
of the MM cells, indicating that the apoptotic action occured 
through a p27-dependent pathway.

Materials and methods

The study was approved by the Independent Ethics Committee 
of Shanghai Ninth People's Hospital Affiliated to Shanghai 
Jiao Tong University School of Medicine, Shanghai, China.

Reagents and cell culture. 8-Cl-cAMP, propidium iodide 
(PI), rhodamine 123 (Rh123), SB202190 and other reagents 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
p27 siRNA was designed by Dharmacon (Lafayette, CO, 
USA). Fetal bovine serum (FBS), RPMI-1640 medium and 
penicillin-streptomycin were obtained from Gibco-BRL 
(Gaithersburg, MD, USA). All antibodies were purchased 
from Santa Cruz Biotechnology, (Santa Cruz, CA, USA. The 
ECL kit was purchased from Amersham Pharmacia Biotech 
(Amersham, UK). An Annexin V-FITC apoptosis detection 
kit, Oligofectamine and a mitochondrial membrane potential 
detection kit were purchased from Invitrogen (Eugene, OR, 
USA). The human myeloma cell lines RPMI-8226 and U266 
(Shanghai Institute of Hematology, China) were cultured 
in RPMI-1640 medium supplemented with 10% FBS in a 
humidified atmosphere of 5% CO2 at 37˚C.

Trypan blue exclusion assay. The effect of 8-Cl-cAMP on 
MM cell viability was measured by the trypan blue exclusion 
assay (19). RPMI-8226 and U266 cells were collected, mixed 
with an equal volume of PBS containing 0.4% trypan blue dye 
and manually counted. Actual cell numbers were calculated 
by multiplying by the dilution factor and were compared 
with the initial cell numbers. Cell viability (%) = viable cell 
numbers/total (viable + dead) cell numbers x 100.

Flow cytometric analysis of nuclear DNA distribution. Cells 
(2x106) were collected, rinsed and fixed overnight with 70% 
cold ethanol. They were then rinsed with PBS, treated with 
1 mg/ml RNase at 37˚C for 30 min and stained with 250 µg/ml 
PI. The nuclear DNA contents were detected by flow cytometry 
(Beckman Coulter, Miami, FL, USA). All data were collected, 
stored and analyzed by MultiCycle software.

Flow cytometric analysis of mitochondrial membrane poten-
tial. After washing with PBS twice, 1-2x105 RPMI-8226 cells 
were incubated with 10 µg/ml Rh123 at 37˚C for 30 min. 
Subsequently, 250 µg/ml PI was injected into cells. Rh123 and 
PI staining intensities were determined by flow cytometry.

Western blot analysis. At appropriate time-points following 
treatment with 10 µmol/l 8-Cl-cAMP, the RPMI-8226 cells 
were collected. Protein extracts (100 µg) were loaded onto a 
10% SDS-polyacrylamide gel, electrophoresed and transferred 
onto nitrocellulose membranes, which were subsequently 
stained with 0.2% Ponceau red to assure equal protein loading 
and transfer. After blocking with 10% non-fat milk powder, the 
membrane was incubated with primary antibody overnight at 
4˚C. The membrane was then washed with PBS and incubated 

with horseradish peroxidase-conjugated secondary antibody 
for 60 min at room temperature. The blots were again washed 
and the immunocomplex was visualized using the ECL kit.

Transfection of p27 siRNA and cell viability assay. The cells 
(1x104 cells/well) were seeded in a 96-well plate, incubated 
for 24 h to enable them to attach to the bottom of the well, 
and then transfected with 80 nM p27 siRNA or control 
siRNA using Oligofectamine. Following transfection for 
12 h, the cells were treated with 10 µmol/l 8-Cl-cAMP for 
48 h. Cell growth was was then determined by measuring 
the MTT dye absorbance of the living cells (20). Following 
exposure to 8-Cl-cAMP for the indicated time, 20 µl MTT 
solution (5 mg/ml in PBS) was added to each well and the 
plates were incubated for an additional 4 h at 37˚C. The MTT 
solution in the medium was aspirated. To achieve solubiliza-
tion of the formazan crystals formed in viable cells, 150 µl 
dimethylsulfoxide (DMSO) was added to each well and the 
absorbance at 570 nm was measured using a microplate 
reader (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Each result in this study is representative 
of at least three separate experiments. Values represent the 
mean ± standard deviation (SD) of these experiments. The 
statistical significance was calculated with a Student's t-test. 
P<0.05 was considered to indicate a statistically significant 
result.

Results

8-Cl-cAMP induced MM cell growth inhibition and apoptosis 
in a concentration- and time-related manner. To investigate 

Figure 1. Multiple myeloma (MM) cells were treated with 8-chloroadenosine 
3',5'-monophosphate (8-Cl-cAMP) for (A) various times and (B) at different 
concentrations. Cell growth was evaluated by trypan blue exclusion assay. 
Data are expressed as a percentage of the untreated control. Values are 
expressed as the mean ± SEM (n=3).
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the cytotoxic effect of 8-Cl-cAMP on RPMI-8226 and U266 
cells, the cell viability following treatment with 8-Cl-cAMP 
at various concentrations (1, 3, 10, 30 µM) was determined by 
trypan blue exclusion assay. As shown in Fig. 1B, 8-Cl-cAMP 
reduced the cell viability of the RPMI-8226 and U266 cells in 
a concentration-dependent manner. Higher concentrations of 
8-Cl-cAMP yielded more effective inhibition. The RPMI-8226 
cells were more sensitive than the U266 cells to 8-Cl-cAMP. 
When treated with 30 µM 8-Cl-cAMP for 72 h, almost all 
RPMI-8226 cells died (Fig. 1A). The results of Annexin 
V-FITC and PI staining revealed that 8-Cl-cAMP induced 
apoptotic and necrotic cell death. The percentage of cell 
death was 19.27% in the RPMI-8226 cells treated with 30 µM 
8-Cl-cAMP for 24 h (Fig. 2A). Since the reduction of mito-
chondrial transmembrane potential is often associated with 
apoptosis, we further investigated the effect of 8-Cl-cAMP 
on mitochondria. The treatment of RPMI-8226 cells with 
8-Cl-cAMP resulted in an increase in the percentage of cells 
with a reduced mitochondrial transmembrane potential and 
increased apoptosis in a time-dependent manner (Fig. 2B). 
These features suggest that the 8-Cl-cAMP-induced MM cell 
death was due to apoptosis.

8-Cl-cAMP induces cell cycle arrest and apoptosis. To 
elucidate whether the apoptosis induced by 8-Cl-cAMP was 
due to cell cycle arrest, we evaluated the cell cycle distri-
bution by flow cytometry. Flow cytometric analysis of the 
cellular DNA contents revealed that the sub-G1 phase ratio 
rose from 6.5 to 63.6% in the RPMI-8226 cells treated 
with 30 µM 8-Cl-cAMP for 48 h (Fig. 3A). The expression 
of the cyclin-dependent kinase (Cdk) inhibitor p27, which 
is involved in the arrest of the cell cycle in the G1 phase, 

was also evaluated. p27 levels, not detectable under basal 
conditions, were found to be increased following exposure to 
10 µM 8-Cl-cAMP for 48 h (Fig. 3B). We also monitored the 
levels of other cell cycle-associated proteins. The levels of 
Cdk2 and cyclin E almost remained constant, but the expres-
sion levels of c-myc protein decreased in the RPMI-8226 
cells exposed to 10 µmol/l 8-Cl-cAMP for 48 h (Fig. 3B). 
These results suggest that the 8-Cl-cAMP-induced cell cycle 
arrest was mediated by the expression of cell cycle-associated 
proteins. We also found that poly(ADP-ribose) polymerase 
(PARP) was cleaved following treatment with 8-Cl-cAMP 
(Fig. 3B).

8-Cl-cAMP induces apoptosis in MM cells through a p27-depen-
dent pathway. Cell cycle associated proteins play a critical role 
in mediating the cytotoxicity induced by 8-Cl-cAMP, but their 
targets are unknown. To determine whether higher p27 levels 
were a critical factor contributing to the 8-Cl-cAMP-induced 
MM cell apoptosis, we knocked down p27 expression by 
RNA interference. Immunoblotting revealed that the transient 
introduction of p27 siRNA into the RPMI-8226 cells markedly 
reduced p27 expression levels compared with those in their 
control counterparts (Fig. 4A). The viability of the RPMI-8226 
cells in the presence of 10 µM 8-Cl-cAMP was 14.7%, whereas 
that of the p27-knocked-down RPMI-8226 cells was 74.1% 
(Fig. 4B). Similarly, flow cytometric analysis revealed that the 
level of apoptosis of sub-G1 cells increased in the RPMI-8226 
cells treated with 10 µM 8-Cl-cAMP, whereas the apoptosis 
of sub-G1 cells was almost undetectable in the p27-knocked-
-down RPMI-8226 cells (Fig. 4C). Thus, on the basis of the 
above results, p27 is functionally linked to the sensitivity of the 
RPMI-8226 cells to 8-Cl-cAMP-induced apoptosis.

Figure 2. Effects of 8-chloroadenosine 3',5'-monophosphate (8-Cl-cAMP) 
on (A) apoptotic cell death and (B) loss of mitochondrial membrane potential 
in multiple myeloma (MM) cells. PI, propidium iodide.

Figure 3. Effects of 8-chloroadenosine 3',5'-monophosphate (8-Cl-cAMP) on 
(A) cell cycle distribution and (B) expression of cell cycle associated proteins, 
p38 mitogen-activated protein kinase (MAPK) and poly(ADP-ribose) poly-
merase (PARP). CT, control; Cdk2, cyclin-dependent kinase 2.
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Effect of 8-Cl-cAMP on p38 mitogen-activated protein kinase 
(MAPK) expression. 8-Cl-cAMP has been shown to induce 
p38 MAPK phosphorylation in HL60 and HeLa cells (15,21). 
Therefore, we evaluated the effect of 8-Cl-cAMP on p38 MAPK 
phosphorylation in the MM cells. We identified that the treatment 
of RPMI-8226 and U266 cells with 8-Cl-cAMP was associated 
with a progressive increase in p38 MAPK phosphorylation that 
started after 48 h of incubation (Fig. 3B). Finally, we evaluated 
whether the pro-apoptotic effect of 8-Cl-cAMP was dependent 
upon p38 MAPK activation. To this aim, we treated the two cell 
lines with 8-Cl-cAMP for 48-72 h in the presence or absence 
of a selective p38 MAPK inhibitor (SB 202190) and analyzed 
the cell cycle distribution by flow cytometry as described previ-
ously. Notably, the inhibition of p38 MAPK largely prevented 
the pro-apoptotic effect of 8-Cl-cAMP (Fig. 4D). These data 
strongly suggest that the pro-apoptotic effect of 8-Cl-cAMP on 
RPMI-8226 and U266 cells is mediated by p38 MAPK.

Discussion

Following the identification of cAMP in 1958 by Rall and 
Sutherland, research focused for more than a decade on 
elucidating the role that this secondary messenger played in regu-
lating metabolic pathways, as well as identifying the enzymes 
responsible for cAMP synthesis and catabolism (22-24). By the 
1970s, however, cAMP was implicated as a regulator of cell 
growth (25-27), and several investigators reported that the eleva-
tion of cAMP levels induced proliferation arrest or cell death in 
susceptible normal or malignant lymphoid populations (28-33). 
The cAMP signaling pathway has emerged as a key regulator of 
hematopoietic cell proliferation, differentiation and apoptosis. 
The 8-chloro derivative of cAMP is a very potent cAMP analog 

that is under investigation as a potential chemotherapeutic agent. 
Phase I clinical studies in patients with solid tumors revealed its 
safety as well as evidence of clinical response (34).

In our study, we identified that 8-Cl-cAMP induced mito-
chondial transmembrane potential collapse and apoptosis 
simultaneously in RPMI-8226 cells. Western blot analysis 
revealed that 8-Cl-cAMP (10 µmol/l)-induced apoptosis was 
accompanied by upregulation of p27 and downregulation of 
c-myc in RPMI-8226 cells. p27, also known as Cdk inhibitor 
1B, is an enzyme which belongs to the Cip/Kip family of Cdk 
inhibitor proteins (35). It binds to and prevents the activation of 
cyclin E-Cdk2 and cyclin D-Cdk4 complexes, and thus controls 
the cell cycle progression at G1 (36). It is often referred to as a 
cell cycle inhibitor protein since its major function is to stop or 
slow down the cell division cycle (35-38). In the current study, 
we found that 8-Cl-cAMP induced the upregulation of the Cdk 
inhibitor p27. Therefore, we assessed the significance of p27. 
Fig. 4 shows that p27 knockdown inhibited the 8-Cl-cAMP-
induced decreases in cell viability, cell cycle arrest and cell 
death. These results indicate that the 8-Cl-cAMP-induced 
apoptosis in MM cells is p27-dependent, and p27 may be the 
target of 8-Cl-cAMP.

The proto-oncogene c-myc is involved in the control of 
cell proliferation, apoptosis and differentiation, and its aber-
rant expression is frequently observed in human cancer (39). It 
has been previously reported that small-molecule inhibitors of 
c-myc suppress proliferation and induce apoptosis of promy-
elocytic leukemia cells via cell cycle arrest (39,40). Although 
our data show that 8-Cl-cAMP induced the downregulation of 
c-myc, the mechanism for this action is not well defined. We 
also hypothesize that c-myc is significant in the mediation of 
8-Cl-cAMP-induced cytotoxicity.

In addition, we identified that the pro-apoptotic effect of 
8-Cl-cAMP was accompanied by a progressive increase of p38 
MAPK phosphorylation. The p38 MAPK is a key regulator of 
cell survival (41,42) and has been implicated in the pro-apoptotic 
effect of 8-Cl-cAMP in HL60 and HeLa cells. In conclusion, 
our data indicate that 8-Cl-cAMP has a potent antiproliferative 
effect on MM cell lines through multiple pathways.
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