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Summary

Purpose: To assess the cytogenetic effects in vitro and 
in vivo of a non-cytotoxic antitumor agent with biomodulator 
activity, 8-chloro-3’,5’ cyclic adenosine monophosphate (8-Cl-
cAMP).

Materials and methods:Cytogenetic effects of 8-Cl-cAMP 
where evaluated using the in vitro chromosome cytogenetic 
assay (CA) on human peripheral blood lymphocytes of healthy 
individuals and by bone marrow micronucleus assay in adult 
BALB/c mice.

Results: In the in vitro chromosome CA, 8-Cl-cAMP 
(in all respective doses; 1.5 and 15 µm) induced mitotic in-
hibition and premature centromere separation (PCS) but no 
chromosomal damage in cultured human peripheral blood 

lymphocytes. In the in vivo test, single intraperitoneal (i.p.) in-
jection of 8-Cl-cAMP in doses of 10, 80 and 150 mg/kg showed 
a dose-related effect on the frequency of micronuclei, detected 
in murine polychromatic erythrocytes (PCE).

Conclusion: The results of the present study show that 
genotoxicity of 8-Cl-cAMP has a different matrix of response
when comparing results in vitro and in vivo, suggesting that 
high metabolic activity in vivo is responsible for the clastogenic
potential of 8-Cl-cAMP. These comparative results indicate a
need of having an available battery of genotoxic tests in order to
evaluate possible cytogenetic effects of novel antitumor agents.

Key words: 8-Cl-cAMP, antitumor agents, micronuclei, pre-
mature centromere separation

Introduction

Interest on antitumor agents’ genetic toxicity has 
increased over the past years due to better patient treat-
ments, combinational therapies and increased survival 
rate vs. higher incidence of secondary tumors after pri-
mary therapies and genetic defects due to mutagenic 
activity on gonadal cells [1-3].

8-Cl-cAMP is a antitumor agent synthesized more 
than 2 decades ago, based on a strategy to reduce toxic-
ity to normal cells and increase specificity towards 
cancer cells by modulating the cells’ signaling pathways 
[4,5]. cAMP is implicated in the regulation of a variety 
of cell functions. The actions of cAMP and cAMP ana-
logues are supposed to be mediated by the cAMP-de-
pendent protein kinase protein kinase A (PKA). The 
differential activity of 8-Cl-cAMP towards protein ki-
nase isozymes expresses inhibition of cell growth, dif-

ferentiation and neoplastic reversion of a wide variety
of cancer cell lines [5,6].

PKA is an enzyme in mammalian cells, which is
present in two isoforms: PKA I and PKA II [5-7]. Struc-
turally, these isoforms are composed from catalytic and 
regulatory subunits. Every isoform in its composition
has two types of regulatory units by which it can be dif-
ferentially distinguished: regulatory subunit (R) I α and 
R I β, i.e. R I α and R I β go into the R I isoform and R II
α and R II β go into the R II isoform [7,8]. The occur-
rence of R I and R II types of regulatory units differenti-
ate by the phase of the cell cycle, and between cells of 
different tissues. Still, most abundant are the R I α and 
R II β subunits [7,8].

The isoforms of PKA can be also differentiated 
by their affi nity towards cAMP, subcellular distribution
and function [8]. On every regulatory subunit there are
2 places for cAMP attachment, the attachment place A 
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and the attachment place B. 8-Cl-cAMP as a specifi c 
cAMP analogue is attached on both places (A and B), 
the same as cAMP, but with different affi nity. With the 
strongest affi nity 8-Cl-cAMP is attached to place B on 
the R II subunit and for place A with the weakest. On the 
other hand 8-Cl-cAMP has a high affi nity towards place 
A on the R I subunit and moderate affi nity for place B. 
In micromolar concentrations 8-Cl-cAMP is connected 
only on the B place of the R II subunit, so that PKA II 
stays in the form of a holoenzyme, which, by a negative 
biofeedback pool, brings a decrease in the synthesis of 
PKA I. The antiproliferative activity of 8-Cl-cAMP is 
based on the decrease or downstream regulation of PKA 
I in malignant transformed cells [8-10].

In vivo 8-Cl-cAMP as a sole therapy has shown a 
good antitumor effect on xenografts of colorectal car-
cinoma, breast, ovarian and pancreas carcinoma, and 
in combination therapy it has shown that it can increase 
the antiproliferative capacity and antitumor activity of 
taxanes and cisplatin analogues [11-15].

The rationale for combination therapy comes 
from the overall knowledge of the mechanisms from 
individual action of these substances, i.e. 8-Cl-cAMP 
and taxanes in which a crucial role in the synergistic ac-
tion plays PKA. Taxanes are known for their genotoxic 
potential [16], but cAMP analogues have been rela-
tively underrepresented for their clastogenic potential 
in human and animal cells.

The aim of this study was to contribute to the 
characterization of the genetic toxicity of 8-Cl-cAMP 
by studying chromosomal damage in human lympho-
cytes and in the bone marrow of BALB/c mice. Chro-
mosomal aberrations are direct indications of genetic 
damage by various xenobiotics including antitumor 
agents. Therefore, the two cytogenetic endpoints, chro-
mosomal aberration test in vitro and micronuclei (MN) 
test in polychromatic erythrocytes (PCE) of mice in 
vivo serve as excellent markers to assess the genotoxic 
potential of 8-Cl-cAMP.

Materials and methods

Chemicals

For the cytogenetic analysis during the last 2 h 
of incubation colcemide was added to the medium in a 
concentration of 0.05 µg/ml. For the cytogenetic assay, 
the investigated substance 8-Cl-cAMP (Sigma Chemi-
cal Co., St. Louis, MO, USA; CAS No 41941-56-4) in 
doses of 1, 5 and 15 µM was added 40 h after the incu-
bation and stayed in culture to the end of cultivation (72 
h). A known clastogen, mitomycin C (Sigma Chemical 
Co., St. Louis, MO, USA; CAS No 50-07-7), was used 

as positive control at a dose of 0.15 µM using the same
protocol as for 8-Cl-cAMP.

Chromosome aberration analysis in human lympho-
cytes in vitro

Metaphase chromosome analysis for the detec-
tion of chromosomal aberrations (CAs) was performed 
according to conventional techniques [17]. Human
peripheral blood lymphocytes (PBLs 2×106 cells) ob-
tained from 10 healthy donors were isolated by density
gradient, cultured in 10 ml RPMI tissue culture medium
(Gibco, Grand Island, NY, USA) containing 20% fetal
bovine serum (inactivated), 1% phytohaemag glutinin,
glutamine 1 mM and 500 IU of penicillin and strepto-
mycin incubated at 37° C and 5% CO2 for 72 h. After 
48 h of incubation, the cultures were treated with 8-Cl-
cAMP dissolved in PBS. The dose levels of 8-Cl-cAMP 
were 1, 5 and 15 µM. The dose levels were estimated 
by the highest tolerant dose (15 µM) in phase I clinical
studies [18]. The positive control substance was mito-
mycin C at a dose of 0.15 µM. The lymphocyte cultures
were treated with 8-Cl-cAMP for 24 h. Chromosomes
were prepared for observation according to the con-
ventional hypotonic –Giemsa schedule. Scoring was
done by a single observer with randomized slides. CAs
were scored in 200 metaphases per sample according to
the classifi cation criteria suggested by Savage (1976)
[19]. All samples where pooled and the mean value was
analyzed. The number of aberrant metaphases, referred 
to the text as damaged cells, and the number of CAs
were counted.

Micronuclei analysis

The investigated substance was tested at 3 experi-
mental concentrations. The lowest concentration should 
correspond to its level in the environment, but, as this is a
synthetic substance, the level of 10 mg/kg of body weight 
(b.w.) was taken on the basis of postnatal growth toxicity
induced by 8-Cl-cAMP [20]. The median concentration
was established from the maximal tolerance dose, a dose
which shows clinical manifestation of mild toxicity (loss
of weight, diarrhea, ataxia, somnolence). The high con-
centration dose is a sublethal dose of 8-Cl-cAMP (150
mg/kg b.w.) based on preliminary toxicological investi-
gation (acute toxicity) on BALB/c mice. Experimental
design for both in vivo tests included 3 groups: positive
control, negative control and experimental groups. The
experimental groups were divided into 3 subgroups based 
on the chosen doses of 8-Cl-cAMP.

The negative control group was treated with nor mal
saline solution. A known mutagen, cyclophosphamide,
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at a dose of 60 mg/kg b.w. was used for the positive 
control group because of its known clastogenic and 
mutagenic properties [21]. Cyclophosphamide and 
8-Cl-cAMP were dissolved in normal saline solution 
immediately prior to i.p. administration and the volume 
injected was 0.1 ml/kg/b.w. All groups had equivalent 
numbers of animals per test. For the MN test 8 animals 
were used per dose/group (both sexes). We used BALB/
c mice of 6 weeks of age with an average weight of 19±2 
g. The animals were kept under uniform conditions, 
housed under 12/12 h photoperiod at constant tem-
perature (21° C) with free access to standard laboratory 
chow and water. Mice were sacrifi ced 24 h after single 
i.p. treatment, in accordance to the EEC convention 
guidelines. The frequency of MN in the bone marrow 
was detected according to the classical technique by 
Schmid and Tinwell [22,23]. Femoral cells were fl ushed 
out with fetal calf serum (Gibco, UK). The collected 
cells were sedimented by centrifugation (1800 rpm) 
and resuspended in fetal calf serum on microscopic 
slides. Before cells were fi xed in methanol for 15 min 
they were air-dried and then dipped in phosphate buf-
fer, pH 6.4. Slides were stained in a solution of acridic 
orange (12.5 mg/100 ml buffer) for 60 sec [23], were 
exposed to buffer for 10 min and then observed for the 
presence of MN in PCE. Data were summarized as the 
mean number of micronucleated PCE per 1000 PCE. In 
addition, the ratio between PCE and normochromatic 
erythrocytes (NCE) was also determined.

Statistical analysis

The clastogenic action of 8-Cl-cAMP was ana-

lyzed by using the analysis of variance (one way) and 
the x2 test.

Results

Table 1 shows the distribution of total aberrations
and related changes in the frequency of aberrant cells
induced by doses of 1.5 and 15 µM of 8-Cl-cAMP.
Results in Table 1 show that 8-Cl-cAMP didn’t induce
a statistically signifi cant difference in total CAs and 
in different chromatid type aberrations in PBLs when
compared with the negative control group.

Table 2 shows results concerning the occurrence
of premature centromere separation (PCS) in PBLs
induced by increasing doses of 8-Cl-cAMP. PCS is not 
a classical parameter of xenobiotic clastogenicity, but it 
can lead to chromosome instability and aneuploidy. To
address these fi ndings we estimated the frequency of 
PCS occurrence on one chromosome, more than one,
and on all chromosomes (Figure 1).

In Table 2 PCS occurrence is more determined 
by its distribution pattern than by the percentage of 
total metaphases with PCS. The highest dose of 8-Cl-
cAMP (15 µM) showed a shift from more than one
chromosome to be affected by PCS to the group where
all chromosomes are affected by PCS. Still, the overall
presence of PCS in the 15 µM group is decreased com-
pared with the 5 µM group, meaning that increasing
doses of 8-Cl-cAMP and the occurrence of PCS is a
specifi c phenomenon concentrated to the centromere
region of the affected chromosomes and not to 8-Cl-
cAMP cytotoxicity.

Table 1. Presentation of different chromatide type aberrations in peripheral blood lymphocytes of control groups and cells treated with
increasing doses of 8-Cl-cAMP

Total no.   No. of iso- Total no.
Concentration of cells Chromatid Gaps chromatid of aberrant Mitotic

analyzed breaks  breaks cells index
 (pooled) No. % No. % No. % No. % No./SD* %

Negative control
(A) 2013 12 0.59  21  1  7 0.35  40 1.98 92±7 9.2
1 µM
8-Cl-cAMP (B) 2005 13 0.64  21  1  7 0.35  41 2 30±5.3 3*
5 µM
8-Cl-cAMP (C) 2012 14 0.7  23  1.14  6 0.30  43 2.1 17±3.1 1.6*
15 µM
8-Cl-cAMP (D) 2000 15 0.75  28 28  9 0.45  52 2.6 7,5±2.2 0.7*

Positive control (E)
MMC 2000 76* 3.8 152*  7.6* 86* 4.3 314* 15.7 2±1.7 0.1*
0.15 µM

(A:B:C:D) without significant difference (NS)(A/B/C/D:E); *p <0.001, highly statistically significant difference of the negative control and experimental
groups compared to positive control (x2 test); The mitotic index represents the mean number of cells gone into mitosis based on 1000 cells scored per 
sample/subject; SD: standard deviation; MMC: mitomycin C
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In contrast to partially negative results in the CA 
test in vitro, the administration of 8-Cl-cAMP in vivo
showed an ability to induce MN in PCE of bone mar-
row of BALB/c mice (Table 3). Statistical analysis 
demonstrated a statistically highly signifi cant difference 
(p <0.001) in MN induction (4.88±0.35; 8.32±0.57; 
11.74±0.37) at all 3 concentrations of 8-Cl-cAMP (10, 
80 and 150 mg/kg b.w., respectively) over the nega-
tive control (2.04±0.28) (Table 3). Also, these results 
demonstrated a dose-response relationship between 
exposure to 8-Cl-cAMP and the frequency of MN in 
PCE. The ratio between PCE and NCE did not reveal 
any toxic effect of 8-Cl-cAMP on erythropoiesis.

Discussion

The results obtained in the in vitro study dem-
onstrated that 8-Cl-cAMP did not induce structural 

chromosomal damage in cultured lymphocytes, but 
induced a decrease in the mitotic index and induction
of premature centromere separation. These results
show a non clastogenic action of 8-Cl-cAMP with a
note of cytotoxicity seen as an alteration of centromere
dynamics or PCS. PCS was found in all doses. Also, the
fi ndings of chromosomal instability were accompanied 
by a decrease in the mitotic index. The signifi cance of 
dose-response relationship for the mitotic index indi-
cates that PCS may result from a comprised mitotic cell
cycle control machinery.

The results of the mouse study with acute in vivo
exposure was positive. MN induction due to 8-Cl-cAMP 
reached statistical signifi cance at all doses tested when
compared to the negative control group (Table 3).

The in vivo experimental results demonstrate a
correlation between 8-Cl-cAMP cytotoxicity and geno-
toxicity. One of the possible reasons is that the plateau
of overall cytogenetic changes already exists at the
maximal tolerated dose (MTD) dose level (80 mg/kg
b.w.) where animals clinically express signs of mild 
toxicity. Our results demonstrate genotoxic potential

Table 2. Comparative estimation of premature centromere separation (PCS) induction in control and experimental groups treated with
increasing doses of 8-Cl-cAMP

Concentration Average no. of PCS induced on PCS induced on PCS induced on Overall number of
(µ(( M) analyzed mitoses less than 2 more than 2 all chromosomes mitoses with PCS

 chromosomes chromosomes

X±SD % X±SD % X±SD % X±SD % X±SD %
(pooled)

Negative 121±9.7 100 – – – – 2– ±1.41 1.65 2±1.41 1.65
control (K)
1 µM (A)
8-Cl-cAMP 110±10.2 100 23.7±2.8 21.5 10.1±1.2 9.2 0.2±0.4 0.18 33.8±3.3 31*
5 µM (B)
8-Cl-cAMP 125±10.5 100 41±3.2 32.8 19.4±2.2 15.5 / / 60.5±4.6 48.4*
15 µM (C)
8-Cl-cAMP 115±9.5 100 23±2.6 20 10±1.91 8.7 0.5±0.5 0.4 33.5±4.2 29.1*

*indicates statistically significant difference, p <0.001 (Student’s t-test was used for statistical analysis of the overall number of mitoses with PCS)
K:A* K:B* K:C*
A:B=* B:C=* A:C = non significant
SD: standard deviation

Table 3. Frequency of polychromatic erythrocytes (PCE) with
micronuclei (MN) induced by increasing doses of 8-Cl-cAMP

Treatment PCE with PCE/NCEb

(mg/kg) MN/1000 cellsa

Negative control/PBS 2.04±0.28 2.03±0.21
10 8-Cl 4.88±0.35c 2.10±0.27
80 8-Cl 8.32±0.57c 2.18±0.41
150 8-Cl 11.74±0.37c 1.87±0.35
Cyclophosphamide 60 19.4±3.75c 1.75±0.14
aeach treatment group contained 8 mice and 1000 PCE were examined per 
animal. Data indicate mean ± SD; bdata indicate percentage mean ± SD val-
ued on 1000 erythrocytes; cp <0.01, significantly different from the nega-
tive control results using x2 test; NCE: normochromatic erythrocytes

Figure 1. Metaphase nuclei showing premature 
separation in more than 2 chromosomes (arrows) induced by 8-
Cl-cAMP at a dose of 5 µM.
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of 8-Cl-cAMP on bone marrow cells of BALB/c mice 
strain considering the correlation between dose and ef-
fect in the MN test.

The results of previous preclinical investigations 
of 8-Cl-cAMP demonstrated a complicated action of 8-
Cl-cAMP in various tumor cell lines in vitro and in vivo
[24-27]. Based on the microarray expression profi les 
of 8-Cl-cAMP and 8-Cl-adenosine [28], and the dif-
ferential expression of genotoxicity in vivo and in vitro
we can conclude that 8-Cl-cAMP exerts a very complex 
cytotoxic, genotoxic and antiproliferative action in 
cancer and normal cells, i.e. 8-Cl-cAMP is active per se
and in part through its metabolite, 8-Cl-adenosine. In 
our in vitro experiment we used heat-inactivated serum 
in order to exclude serum metabolism of 8-Cl-cAMP. 
We found no clastogenic action in the cytogenetic test 
in the proposed dose regime. The doses were estimated 
by evaluating the neutral red uptake (data not shown) 
and literature data, where IC50 (50% growth inhibition) 
showed a 50% growth inhibition in doses of 1-25 µM 
for 19 cancer cell lines with no signs of toxicity [24]. 
These doses appear to be concentrations below those at 
which degradation by phosphodiesterase can take place 
[27, 29- 31] and that the growth–inhibitory effect is not 
due to cell killing. Still, the fi ndings of an increase in 
the frequency of MN in the highest dose and PCS in all 
doses confi rm that 8-Cl-cAMP at these doses can induce 
chromosomal instability.

8-Cl-cAMP can induce a specifi c chromosomal 
alteration, i.e. PCS. PCS is known as a parameter of 
chromosome instability leading to aneuploidy [32-35]. 
The induction of PCS (31, 47 and 29%, respectively) 
by all doses of 8-Cl-cAMP (1, 5 and 15 µM) was statis-
tically highly signifi cant (p <0.001) when compared to 
the control group (1.65%). Further analysis showed a 
distribution pattern of PCS induced by our investigated 
agent. This pattern is dependent on the dose. Still, there 
is no linear dose-effect correlation, i.e. at the highest 
dose (15 µM) we saw a decrease in the overall number 
of mitoses with PCS (Table 2). This suggests that 8-Cl-
cAMP induction of PCS is probably due to its action 
through a mechanism involving PKA-II proteins which 
are present at the centromere region [36].

Today’s clinical experience of 8-Cl-cAMP anti-
tumor activity comes from 3 phase I clinical trials. In-
vestigators have established that plasma concentration 
in the range of 1-5 µm of 8-Cl-cAMP can signifi cantly 
inhibit tumor proliferation, and that this effect is at-
tained at concentrations below the MTD, which gives a 
possibility to reduce toxicity and genotoxicity [37,38]. 
8-Cl-cAMP is especially potent in combination thera-
pies with other cytotoxic agents [39], as it does not 
increase their myelotoxic effect which is one of the 

main problems of combination therapies in oncology.
Similar fi ndings have also been recorded for the eryth-
rocyte line toxicity in preclinical toxicological studies,
i.e. 8-Cl-cAMP doesn’t suppress erythropoiesis, as our 
results show in the mouse model.

Prediction of potential carcinogens and risk as ses-
sment are mainly toxicological problems, and human
carcinogens - especially antitumor agents - are likely
to operate through multiple mechanisms [39-41]. Mu-
tational mechanisms can be proposed for most human
carcinogens, but clear evidence also exists that epigen-
etic mechanisms may be involved. PCS can be classi-
fi ed as an epigenetic alteration expressing chromosomal
instability leading to aneuploidy.

In studying a chemical, it is not uncommon to fi nd 
a positive chromosomal aberration test in vitro and a
negative test in vivot or vice versa, or even no evidence
for mutagenicity in a battery of genotoxicity tests [42].
Chromosome aberrations may indicate alterations in
cell homeostasis that are important in genome instability
i.e., interference with DNA replication or condensation
[20,42]. So, chromosomal instability by 8-Cl-cAMP as
detected in PCS in human lymphocytes may not be the
result of electrophilic interaction with DNA, but through
microtubular dynamics by utilizing PKA II [36]. Results
given by both tests may postulate that 8-Cl-cAMP has pro-
moter activity exerted on the basis of its metabolic level.
Numerous biochemical and molecular analyses have
shown that an increase in the expression of  3’, 5’ phos-
phodiesterases by 8-Cl-cAMP in vivo indicate a potential
for co-toxic activity of 8-Cl-cAMP metabolites. Still, these
metabolites, especially 8-Cl-adenosine, and new data for 
8-ATP show anticancer activity [25,29,37-41]. So, how do
our tests help evaluate the risk-benefi t ratio?

Biological effects of chemicals are dependent on
the dose and the dose rate at which chemicals reach the
target tissue. Even if 8-Cl-cAMP is shown to be a non
clastogen in human lymphocytes, the antitumor agent 
might enhance instability or PCS initiated by other 
chemicals. The results of the complex cytogenetic ac-
tivity of 8-Cl-cAMP show that in vitro/ in vivo cor-
relations are most important in preclinical and clinical
toxicological risk evaluations.

Our results of in vitro 8-Cl-cAMP genotoxicity
demonstrates that PCS is a parameter of chromosome
instability and should be evaluated solely as a parame-
ter of genotoxicity in future risk-benefi t assessments.

The results of 8-Cl-cAMP genotoxicity and the
anti-proliferative property of 8-Cl-cAMP to act through
various mechanisms per se and/or through its metabo-
lites in low but effective doses promise new pathways
for combination therapies that may be used in future
treatments of cancer patients.



76

Acknowledgements

This work was supported by the Ministry of Sci-
ence and Technology, grants No 143018 and 143022.

References

1. Pedersen-Bjergaard J, Philip P. Therapy-related malignancies: 
A review. Eur J Haematol 1989; 42: 39-47.

2. Leone G, Mele L, Pulsoni A, Equitani F, Pagano L. Incidence 
of Secondary Leukemias. Haematologica 1999; 84: 937- 
945.

3. Green DM, Hyland A, Barcos MP et al. Second malignant 
neoplasms after treatment for Hodgkin’s disease. J Clin Oncol 
2000; 18: 1492-1499.

4. Robinson-White AJ, Hsiao HP, Leitner WW et al. Protein ki-
nase A –independent inhibition of proliferation and induction 
of apoptosis in human thyroid cancer cells by 8-Cl-adenosine. 
J Clin Endocrinol Metab 2008; 93: 1020-1029.

5. Tortora G, Ciardello F. Protein kinase A as target for novel 
integrated strategies of cancer therapy. Ann NY Acad Sci 
2002; 968: 139-147.

6. Cho-Chung YS, Clair T, Tagliaferri P et al. Basic science re-
view: Site-selective cyclic AMP analogs as new biological 
tool in growth differentiation and proto-oncogene regulation. 
Cancer Invest 1989; 7: 161-177.

7. Cho-Chung YS, Nestorova MV. Tumor reversion: protein 
kinase A isozyme switching. Ann NY Acad Sci 2005; 1058: 
76-86.

8. Cho-Chung YS. Role of cyclic AMP receptor proteins in 
growth, differentiation, and suppression of malignancy: new 
approaches to therapy. Cancer Res 1990; 50: 7093-7100.

9. Cho YS, Park YG, Lee YN et al. Extracellular protein kinase 
A as a cancer biomarker: its expression by tumor cells and 
reversal by a myristate-lacking C alpha and RII beta subunit 
overexpression. Proc Natl Acad Sci USA 2000; 97: 835-840.

10. Mantovani G, Bondioni S, Ferrero F et al. Effect of cyclic 
adenosine 3’,5’-monophosphate/protein kinase pathway on 
markers of cell proliferation in non-functioning pituitary 
adenomas. J Clin Endocrinol Metab 2005; 90: 6721-6724.

11. Langdon SP, Ritchie AA, Muir M et al. Antitumor activity 
and schedule dependency of 8-Cl-chloradenosine-3’5’-mo-
nophosphate (8-Cl-cAMP) against human tumor xenografts. 
Eur J Cancer 1998; 34: 384-388.

12. McDaid HM, Cairns MT, Atkinson RJ et al. Increased expres-
sion of the RI alpha subunit of the cAMP dependent protein 
kinase A is associated with advanced stage ovarian cancer. Br 
J Cancer 1999; 79: 933-939.

13. Tortora G, di Isernia G, Sandomenico C et al. Synergistic
inhibition of growth and induction of apoptosis by 8-chloro-
cAMP and paclitaxel or cisplatin in human cancer cells. 
Cancer Res 1997; 57: 5107-5111.

14. Mantovani G, Lania AG, Bondioni S et al. Differential ex-
pression of protein kinase A(PKA) regulatory subunits in 
cortisol-secreting adrenocortical tumors: Relationship with 
cell proliferation. Exp Cell Res 2008; 314: 123-130.

15. Mantovani G, Bondioni S, Lania AG et al. High expression of 
PKA regulatory subunit 1A protein is related to proliferation 
of human melanoma cells. Oncogene 2008; 27: 1834-1843.

16. Steiblen G, Orsiere T, Pallen C, Botta A, Marzin D. Com-

parison of the relative sensitivity of human lymphocytes and 
mouse splenocytes to two spindle poisons. Mutat Res 2005;
588: 143-151.

17. Evans HJ, O’Riordan ML. Human peripheral blood lympho-
cytes for the analysis of chromosome aberrations in mutagen
tests. Mutat Res 1975; 31: 135-148.

18. Tortora G, Tagliaferri P, Bianco C et al. Phase I clinical study
with 8-chloro-cAMP and evaluation of immunological effects
in cancer patients. Clin Cancer Res 1995; 1: 377-386.

19. Savage JR. Classifi cation and relationships of induced chro-
mosomal structural changes. J Med Genet 1976; 13: 103-
122.

20. Bajic V. The importance of premature centromere separation
as a parameter of genome instability in assessing genotoxic
effects of cytostatics. PhD thesis, Faculty of Veterinary Medi-
cine, University of Belgrade, Yugoslavia, 2002.

21. Anderson D, Bishop JB, Garner RC, Selby PB. Cyclophos-
phamide: review of its mutagenicity for an assessment of 
potential germ cell risks. Mutat Res 1995; 330: 115- 118.

22. Schmid W. The micronucleus test. Mutat Res 1975; 31: 9-
15.

23. Tinwell H, Ashby J. Comparison of acridine orange and 
Giemsa stains in several mouse bone marrow micronucleus
assays including a triple dose study. Mutagenesis 1989; 4:
476-481.

24. Cho-Chung YS. Site-selective 8-chloro-cyclic adenosine
3’,5’ –monophosphate as a biological modulator of cancer:
restoration of normal control mechanisms. J Natl Cancer Inst 
1989; 81: 982-987.

25. Gandhi V, Ayres M, Halgren RG et al. 8-chloro-cAMP and 
8-chloro-adenosine act by the same mechanism in multiple
myeloma cells. Cancer Res 2001; 61: 5474-5499.

26. Se Nyun Kim, Young-Ho Ahn, Sang Gyun Kim et al. 8-Cl-
cAMP induces cell cycle-specifi c apoptosis in human cancer 
cells. J Cancer 2001; 93: 33-41.

27. Ahn YH, Jung YM, Hong SH. 8-chloro-cyclic AMP- induced 
growth inhibition and apoptosis is mediated by p38 mitogen-
activated protein kinase activation in HL60 cells. Cancer Res
2005; 65: 4896-4901.

28. Gil Hong Park, Jaegol Choe, Hyo-Jung Choo et al. Genome-
wide expression profi ling of 8-chloroadenosine- and 8-chloro-
cAMP-treated human neuroblastoma cells using radioactive
human cDNA microarray. Exp Mol Med 2002; 34: 184-193.

29. Dixit R, Stoltz M, Douglas R, Reddy RV. Pharmacokinetics
and dose range fi nding of 8- chloroadenosine 3’,5’ - cyclic
monophosphate in beagle dogs. Govt Reports Announce-
ments and Index 1993; Issue 11, Kansas, USA.

30. Cummings J, Leonard RC, Miller WR. Sensitive determi-
nation of 8-chloroadenosine 3’,5’ –monophosphate and 
8-chloroadenosine in plasma by high-performance liquid 
chromatography. J Chromatogr Biomed Appl 1994; 658:
183-188.

31. Cummings J, Langdon J, Ritchie AA, Burns JD, Stockman
P. Pharmacokinetics, metabolism and tumor disposition of 
8-chloroadenosine 3’,5’ - monophosphate in breast cancer 
patients and xenograft bearing mice. Ann Oncol 1996; 7:
291-296.

32. Mehes K, Buhler E. Premature centromere division: a pos-
sible manifestation of chromosome instability. Am J Med 
Genet 1995; 56: 76-79.

33. Vig BK, Hallett WH. 5-Azacytidine- and Hoechst-induced 
aneuploidy in Indian muntjac. Mutat Res 2000; 466: 79-86.



77

34. Mailes JB, Young D, London S. 1,2- Propanediol- induced pre-
mature centromere separation in mouse oocytes and aneuploidy 
in one-cell zygotes. Biol Reproduction 1997; 57: 92-98.

35. Bajic V, Spremo-Potparevic B, Zivkovic L, Milicevic Z. De-
regulated sequential motion of centromeres induced by anti-
tumor agents may lead to genome instability in human periph-
eral blood lymphocytes. J BUON 2007; 12: 77-83.

36. Li JM, Li Y, YY Elledge SJ. Genetic analysis of the kinetochore 
DASH complex reveals an antagonistic relationship with the 
ras/protein kinase. A pathway and a novel subunit required for 
Ask1 association. Mol Cell Biol 2005; 25: 767-778.

37. Propper DJ, Saunders MP, Salisbury AJ et al. Phase I study of 
the novel cyclic AMP (cAMP) analogue 8-chloro-cAMP in 
patients with cancer: toxicity, hormonal and immunological 
effects. Clin Cancer Res 1999; 5: 1682-1689.

38. Weissinger EM, Oettrich K, Evans C et al. Activation of pro-

tein kinase A(PKA) by 8-Cl-cAMP as a novel approach for 
antileukaemic therapy. Brit J Cancer 2004; 91: 186-192.

39. Koricanac LB, Todorovic DV, Popovic NM, Demajo MA,
Ruzdijic SD, Risti-Fira AM. Inhibition of B16 mouse mela-
noma cell growth and induction of apoptotic cell death with
8-chloroadenosine-3’,5’ –monophosphate and thiazofurin.
Ann NY Acad Sci 2004; 1030: 384-392.

40. Ahn YH, Han JH, Hong SH. Rap 1 and p38 MAPK mediate
8-Cl-cAMP-induced growth inhibition in mouse fi broblast 
DT cells. J Cell Physiol 2006; 209: 1039-1045.

41. Lamb D, Steinberg RA. 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 2002, 192: 216-224.

42. Aardema MJ. Current topics in vivo cytogenetics. Environ
Mol Mutagen 1995; 25: 300-301.


