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8-Chloro-cAMP induces apoptotic cell death in a human mammary
carcinoma cell (MCF-7) line

R Boe. BT Gjertsen. SO D0skeland and OK Vintermyr

Department of Anatomy and Cell Biologv. University of Bergen. Arstadveien 19. N-5009 Bergen. NorwvaY.

Summian 8-Cl-cAMP and 8-NH,-cAMP induced MCF-7 cell death. The tvpes) of cell death were studied in
more detail and compared with the cell death type (apoptosis) induced by okadaic acid. an inhibitor of
senne threonine phosphatases. By morphological criteria dying cells showed loss of cell-cell interactions and
microvilli. condensation of nuclear chromatin and segregation of cy toplasmic organelles. By in situ nick
end-labelling. using digoxigemin-conjugated dUTP as probe. a large fraction of 8-Cl-cAMP. 8-NH.-cAMP and
8-CI-adenosine-exposed cells stained positively in the advanced stages of death. In the earlv phase of
chromatin condensation the cells stained negatively. Specific (internucleosomal) DNA fragmentation w-as not
observed. The MCF-7 cell death induced bv 8-Cl-cAMP and 8-NH.-cAMP was not mediated bv activation of
the cAMP kinase since more stable cAMP analogues (8-CPT-cAMP and N6-benzoyl-cAMP) or forskolin failed
to induce death. Furthermore. 8-Cl-cAMP action was counteracted by adenosine deaminase and 3-isobutyl-l-
methvlxanthine. and mimicked by 8-Cl-adenosine. a major metabolite of 8-Cl-cAMP. It is concluded that 8-Cl-
and 8-NH.-cAMP can induce morphological and biochemical effects resembling apoptotic cell death in MCF-7
cells through their conversion into potent cytotoxic metabolite(s).
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cAMP is implicated in the regulation of growth in normal
and malignant cells (Cho-Chung et al.. 1991; Hartwell. 1994)
including breast cancer cells (Houge et al.. 1992: Miller et al..
1985). This second messenger is also implicated in apoptotic
cell death in lymphoid (McConkey et al.. 1990) and myeloid
(Duprez et al.. 1993: Vintermyr et al.. 1993a) cells. Recently.
activation of the cAMP-dependent protein kinase (cAK) was
found to be associated with induction of programmed cell
death during involution of the lactating mammary gland
(Marti et al.. 1994).
The use of synthetic cAMP analogues has been one

favoured approach to test the biological effects of cAK.
Among the many cAMP analogues characterised (Ogreid et
al.. 1989) 8-Cl-cAMP has been reported to have unique
growth-inhibitory effects in different tumour cell lines (Ally et
al.t 1988). Its mechanism of action has been ascribed to a
specific interaction with the type II regulatory subunit of
cAK (Clair et al.. 1987) rather than to an effect by the
catalytic subunit of the kinase (Roger et al., 1988: Vintermyr
et al.. 1993b). Recently. it was shown that the growth
inhibitory effects of 8-Cl-cAMP in CHO cells and Molt-4
lymphoblasts were caused by biological active metabolites of
8-Cl-cAMP rather than the intact cAMP analogue (Van
Lookeren Campagne et al.. 1991). Also in neoplastic mouse
lung epithelial cells the growth inhibitory effect of 8-Cl-
cAMP was not mediated by activation of cAK (Lange-Carter
et al., 1993). However, it should be noted that several unhyd-
rolysable phosphorothioate cAMP analogues. including Rp-
8-Cl-cAMPS, were recently tested and reported to inhibit cell
proliferation and promote differentiation in HL-60 cells and
in a human colon carcinoma cell line (Yokozaki et al.. 1992).
One of the aims of this work was to clarify whether the

cytotoxic effects of 8-Cl- and 8-NH.-cAMP in MCF-7 cells
were dependent on cAK activation. This issue is of
immediate relevance in clinical oncology as 8-Cl-cAMP has
been included in preclinical trials for the treatment of human
breast cancer (Cho-Chung. 1992). In the present report we
show that the cell death induced by 8-Cl- and 8-NH,-cAMP
is not dependent on cAK activation.
Although 8-Cl-cAMP induces regression of various cell

tumours it is not known whether this cell loss is attributable
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to regulated (apoptotic) or random (necrotic) cell death. A
major object was therefore to evaluate the cell death type(s)
induced by 8-Cl-cAMP in MCF-7 cells. The cell death pat-
terns were compared with those of okadaic acid. a senine
threonine phosphatase inhibitor, known to induce apoptotic
cell death in various cell types including MCF-7 cells (Boe et
al., 1991). By a variety of morphological and biochemical
criteria we show that 8-Cl-cAMP and its major metabolite.
8-Cl-adenosine. induce cell death by apoptosis in malignant
cells.

Materials and methods

Materials

cAMP analogue (.V-benzoyI-cAMP. 8-CPT-cAMP. and 8-
NH.-cAMP), 3-isobutyl-l -methylxanthine (IBMX). protein-
ase K. and the phosphate acceptor heptapeptide (kemptide:
Leu-Arg-Arg-Ala-Ser-Leu-Gly) were from Sigma (St Louis.
MO. USA). 8-Cl-adenosine was from BioLog-Life Sciences
Inst. (Bremen, Germany), and 8-Cl-cAMP was kindly pro-
vided by Dr Cho-Chung (NIH, Bethesda, MD. USA). Mouse
anti-digoxigenin (DIG) antibodies. DIG-dUTP. and blocking
reagent were from Boehringer (Mannheim. Germany) and
terminal deoxynucleotidyl transferase and dATP from Pro-
mega (Madison, WI, USA). Bisbenzimide (Hoechst 33258)
was from Calbiochem (La Jolla, CA. USA) and Vectashield
mounting medium H- 1000 was from Vector Laboratories
(Burlingame, CA, USA). [_y-3P]ATP (3000 Ci mmol') and
methyl-[3H]thymidine (40-60 Ci mmol-') were from Amer-
sham (Little Chalfont, UK). Ammonium sulphate (analytical
grade) and most other chemicals were from E Merck (Darm-
stadt, Germany). Tissue culture flasks, dishes, and eight-well
chamber slides were from Nunc (Roskilde. Denmark).

Culturing of cells and determination of cell density
The MCF-7 cells (ATCC no. HBT 22) were routinely grown
in Dulbecco's modification of Eagle's medium (DMEM) sup-
plemented with 5% fetal calf serum (FCS). 2 mM glutamine,
100 IU ml- ' penicillin, 100 jig ml- ' streptomycin. and 0.1 tm
insulin. The cells were seeded at a density of 12 000
cells cm-2 in tissue culture flasks (25 cm' or 80 cm) or in
culture dishes (20 cm'). Cell density was estimated using a
reference grid system within the binoculars, defining 18



cAMP and mamy caranma ce death (MC-7)
R Boe et al

separate and representative areas. each 0.01 5mm2, in the
culture dish. At appropriate time intervals the number of
cells within the reference areas was determined. Agents to be
tested were routinely added 24 h after seeding, i.e. in the
early phase of logarithmic growth.

Determination of the fraction of deformed cells and
condensation of nuclear chromatin

In these experiments the MCF-7 cells were routinely cultured
in glass eight-well chamber slides. After exposure to phos-
phatase inhibitors the cells were fixed for 30 min in four
volumes of phosphate buffered saline (PBS) buffered 2%
glutaraldehyde, pH 7.2, and then transferred to 70% aqueous
ethanol. Bisbenzimide (Hoechst 33258, 10 ytg ml- ') was
added to the cells before evaluation of morphology. The
fraction of deformed cells (rounded up or with cytoplasmic
blebs) was determined by bright field light microscopy and
the fraction with condensed nuclei determined by UV
fluorescence of the same cells. Non-treated (normal) cells
showed a rather vague nuclear fluorescence, whereas cells
with condensed nuclear chromatin (apoptotic cells) emitted a
strong fluorescence. This fluorescence pattern of apoptotic
cells could be easily distinguished from that of normal cells.
Very few cells expressed an intermediate fluorescence pattern.

Transmission electron microscopy (TEN!1

Attached and non-attached cells. collected by centrifugation
700 gav. for S min. were fixed at 37°C with 2.50% glutar-
aldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. After
5 min at 37C an equal volume of ice-cold fixative was added
and the samples put on crushed ice. Half an hour later the
fixative was progressively diluted by stepwise addition of
0. 15 M sodium chloride to a final volume of 40 ml. The cells
were washed twice in 0.15 M sodium chloride and post-fixed
for 1 h in 0.15 M sodium chloride containing 1% osmium
tetroxide. After three washes in 0.15 M sodium chloride the
cells were stepwise dehydrated in ethanol from 70% to
100%. Small squares (each about 5 mm2) of the monolayers
were cut with a scalpel and detached after addition of pro-
pylenoxide. and the samples processed for electron micros-
copy as previously described (Boe et al.. 1991).

DNA fragmentation and test on assay-sensitivitY
Detached (rounded up) MCF-7 cells were collected by cent-
nrfugation (1000 gav 4mn) of the culture medium and the
cell pellets and the cells, remaining attached, dissolved in lysis
solution (10 mM Tris-HCI pH 8.0 with 100 mM EDTA,
10 mm EGTA and 0.5% sodium dodecyl sulphate; SDS). The
samples were treated with RNAse (30 ig ml-'), proteinase K
(100 tg ml-'), extracted in Tris-buffered (10 mM) phenol
(pH 8.0), washed twice in ethanol, air dnred, and dissolved in
10 mm Tris-HCI-buffered IO% ethanol essentially as pre-
viously described (Duprez et al.. 1993). Unless otherwise
noted l0fig of DNA was loaded on each lane on a 1.5%
agarose gel and electrophoresed at 2.0 V cm- for 8 h.
The sensitivity of the DNA fragmentation assay was tested

by loading of various amounts of specifically degraded DNA
(from apoptotic IPC-81 cells) or by mixing various ratios of
intact (from parenchymal rat hepatocytes) and degraded
DNA. In the latter approach 10 ,g of DNA from the various
mixed ratios was loaded on the agarose gels. Specifically
degraded DNA was obtained from apoptotic rat myeloid
leukaemic (IPC-8 1) cells after treatment with 200 JLM 8-CPT-
cAMP for 4 h (Gjertsen et al., 1994). Internucleosomal DNA
fragments, representing 0.2 gg DNA or 2% of the total DNA
loaded, could be detected.

In situ DIG-dU'TP nick end-labelling of nuclear DNA
fragments using the terminal deoxvnucleotinvl transferase
reaction

MCF-7 cells treated with 8-Cl-cAMP. 8-Cl-adenosine. 8-
NH2-cAMP, okadaic acid or calyculin A were rounded up

and detached from the tissue culture dishes at different times
of exposure. The culture media with detached cells were spun
at 700 g, for 5 min. The supernatant was decanted. and the
cells resuspended and fixed for 1 h with 4% formaldehyde in
PBS. pH 7.2. The cells were stored in 70% ethanol. Attached
cells were trypsinised. spun and fixed as described above. The
procedure for nick end-labelling was a modification of a

recently described method (Gavrieli et al.. 1992) using the
terminal deoxynucleotidyl transferase reaction (Roychoud-
hury et al.. 1976). Fixed cells were dried on a coverslip
coated with 0.010% polylysin (mol.weight 50 000). The cells
were treated with 50 tg ml- 'proteinase K in 0.1 M Tris-HCl.
0.15 M sodium chloride (pH 7.5) for 30 min. and then washed
three times with water. The nick end-labelling with DIG
oligonucleotides was performed at 37°C for 45 mmn using
terminal deoxynucleotidyl transferase (TdT): 2 vol reaction
buffer [1 M sodium cacodylate. 0.125 M Tris-HCI. 1.25 mg ml-'
bovine serum albumin (BSA) pH 6.6]. two volumes of 25 mM
cobalt (II) chloride. 0.5 volumes of 1 mM DIG oligo-
nucleotide. 0.5 vol 10mmdATP. 0.25 Ugl-I TdT and 4.5
volumes of water. The reaction was terminated in stop solu-
tion (300 mM sodium chloride. 30 mm sodium citrate, pH 7.2)
at room temperature. The samples were rinsed in buffer
(0.1 M Tris-HCl. 0.15 M sodium chloride. pH 7.5) for 5 mmn
before incubation in blocking solution (0.5% blocking rea-
gent dissolved in 0.1 M Tris-HCl. 0.15 M sodium chlonrde, pH
7.5) at 37°C for 20 min. The samples were nrnsed in washing-
buffer (0.1 M Tris-HCl. 0.15 m sodium chloride. 0.050% Tween
20. pH 7.5) and then incubated with mouse anti-DIG
antibodies (2.5 jig ml- ') in blocking solution for 30 mmn at
37'C. The cells were then rinsed three times in washing buffer
for 5 min; the latter wash was supplemented with bisben-
zimide H 33258 (10 ,g ml-'). The coverslips were mounted,
sealed, and stored at - 20'C in a freezer. The method of in
situ DIG-dUTP nick end-labelling was evaluated on apop-
totically induced leukaemic cells (Vintermyr et al., 1993a).
The nuclei of the apoptotic cells were strongly positive
whereas non-apoptotic cells and cells in mitosis stained
negative.

Results

Reversible and irreversible inhibition of cell proliferation by
selected cAMP analogues

Massive cell death was observed in MCF-7 cells treated with
8-NH,-cAMP or 8-Cl-cAMP. Among the various cAMP
analogues tested. 8-NH2-cAMP was the most potent inducer
of cell death (Figure 1). In further experiments we tested
whether the toxicity of these analogues could be ascribed to
activation of cAK or not. It was shown that the induction of
cell death could be counteracted by IBMX, adenosine
deaminase. or if the fetal calf serum was reduced or heat-
inactivated (Figure lb. Table I). Furthermore. 8-C l-adeno-
sine, a major metabolite of 8-Cl-cAMP, was about ten times
more potent than 8-Cl-cAMP in inducing cell death. Con-
versely, other cAMP analogues, like 8-CPT-cAMP and N6-
benzoyl-cAMP. caused reversible inhibition of growth (Fig-
ure 1. Table I). Also 10 !LM forskolin, increasing the
endogenous cAMP level 10-fold, inhibited [3Hlthymidine
DNA labelling index to 46% after treatment for 15 h. The
inhibition of DNA replication was temporary and involved
cell cycle arrest at a point in late G.-phase (Vintermyr et al.,
1995). Moreover. 15 h after injection of 30 liM catalytic (Ca)
cAK subunit the number of cells replicating their DNA was
reduced from 26% (cells injected with vehicle) to 16% ± 0.65
(mean ± s.e.m.: n = 12). CO (30 gM) co-injected with
regulatory (20 gM) cAK subunit (RIED,99) reversed the
growth inhibitory response to injected Ca (Vintermyr et al.,
1995). Our results strongly supported the view that cAMP
analogues, like 8-CPT- and N6-benzoyl-cAMP, or forskolin
induced reversible inhibition of cell proliferation through
activation of cAK whereas the toxic effects of 8-Cl- and
8-NHI-cAMP were channelled through other mechanisms.
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Figre 1 Effect of selected cAMP analogues, 8-Cl-adenosine and
okadaic acid on number of MCF-7 cells. The cells were treated
with 100gM 8-CPT-cAMP (A), 100 M 8-C-cAMP (0), 30 gM
8-NH2-cAMP (O), O1l0M 8-CI-adenosine (V), 100 nM okadaic
acid (-) or vehicle (0) in the absence (a) or presence of 200 gM
IBMX (b). Each point represents the mean ± s.e.m. (bars) of
three or more separate experiments, except for some okadaic acid
and 8-Cl-adenosine points, which are the mean of two separate
experiments.

The commitment to cell death by 8-Cl-cAMP was studied
in more detail. The effects of 8-Cl-cAMP (100 ptM) appeared
reversible after a short-term challenge to the cAMP-analogue
(Figure 2). However, treatment with 8-Cl-cAMP for longer
time periods induced cell death by a process that followed
apparent first-order rate kinetics, whereas commitment to cell
death was progressive with time in culture in the continuous
presence of 8-Cl-cAMP (Figure 2). The latter effect would be
expected by accumulation of puative toxic metabolite(s)
from degradation of 8-Cl-cAMP in the medium.

Morphological effects of 8-Cl-cAMP: comparison with
8-NH-cAMP and phosphatase inhibitors

The morphological effects induced by 8-Cl-cAMP and 8-
NHW-cAMP were studied in more detail. In exposed cells the
adhesion between neighbouring cells was disrupted. and the
cells started to round (Figure 3b and c). In the early stages
the cvtoarchitecture appeared normal (Figure 3b). but was
profoundly affected in the rounded cells (Figure 4). The
detached cells consisted of a mixture of apparentlv necrotic
cells. and cells having a distinct morphological phenotype
resembling apoptosis. The latter cells were characterised by
loss of microvilli. segregation of organelles. and marginal or

general condensation of the nuclear chromatin (Figure 4).
The number of vacuoles in the cytoplasm increased whereas
the structure of mitochondria and the endoplasmic reticulum
appeared intact. After treatment with 100 lim 8-Cl-cAMP or

20 m 8-Cl-adenosine for 48 h, 69.2% ± 5.2 (mean ± s.e.m.:

n = 7) or 60.7% ± 2.7 (mean ± s.e.m.: n = 5) respectively, of
the detached cells excluded trypan blue whereas more than
95% of the attached rounded cells excluded trypan blue. The
dve-positive cells probably represented secondary necrosis of
apoptotic cells. The morphological effects induced by 8-Cl-
cAMP were somewhat different from that of 8-NH:-cAMP
although not very conspicuous (Figures 3 and 4). The mor-

phological effects induced by 8-Cl-adenosine closely resemb-
led that of 8-Cl-cAMP although the appearance of dense
vacuoles in the cytoplasm was a more typical event for
8-Cl-cAMP than 8-Cl-adenosine-treated MCF-7 cells (Fig-
ures 3c and 4c).

In further expenrments the morphological effects induced
bv 8-Cl- and 8-NH.-cAMP were compared with those
induced by senine threonine phosphatase inhibitors triggering
apoptotic cell death in various cell types including MCF-7
cells (Boe et al.. 1991. Kiguchi et al., 1994). Although the
rounding of cells occurred more synchronously in the
presence of okadaic acid (or calyculin A) than in the presence

of 8-Cl-cAMP or 8-Cl-adenosine (Figures 1 and 5). close
similarities were observed. After exposure to 100 nm okadaic
acid (or 50 nM calyculin A) more than 95% of detached cells
excluded trypan blue showing intact plasma membranes.
Okadaic acid-treated cells were characterised bv loss of
microvilli, cytoplasmic vacuolisation. and relocation of
organelles into evaginations of the plasma membrane (Figure
4a). A novel feature of this apoptotic cell death type was that
the condensation of nuclear chromatin was delayed relative
to other morphological effects in the cells (for details see

Figure 5). The nuclear chromatin was not fragmented and
remained within an apparent intact nuclear membrane
(Figure 4a). Similar. although less pronounced effects were

found after exposure to calyculin A.
Another objective was to test whether the addition of

phosphatase inhibitors could modulate 8-Cl- and 8-NH2-
cAMP induced apoptosis and vice versa. We found no such
interaction indicating apoptotic cell death to be induced
through separate pathways by 8-Cl-cAMP and phosphatase
inhibitors.

Induction of apoptotic cell death is not associated ith specific
degradation of nuclear DNA

Further experiments tested whether nuclear DNA was

cleaved specifically during treatment of MCF-7 cells with
8-Cl-cAMP, 8-NH,-cAMP, 8-Cl-adenosine or okadaic acid.
There was a lack of massive DNA fragmentation typical of
internucleosomal DNA cleavage during the conditions tested
(Figures 5 and 6). In experiments designed to test the sen-

sitivity of the DNA assay specific DNA fragments could be
detected if 2% of the cells (or 2% of loaded DNA; 0.2 yg of
DNA) had specifically degraded chromatin (for details see

Figure 6 and Materials and methods section). In detached
cells treated with 8-Cl-cAMP and 8-NH.-cAMP a small
amount of higher molecular weight DNA smear was noted
(Figure 6). Whether this DNA cleavage occurred in the
apoptotic or secondary necrotic cells could not be settled by
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Table I Effect of some selected cAMP analogues, forskolin and IBMX on modulation of growth and
induction of cell death in MCF-7 cells

Number of cells
Tipe of addition (percentage of reference) + s.e.m. Number (n)
1. Control (5% FCS) 427 14 6
2. 1 jiM 8-C-cAMP 432 22 4
3. 10iM 8-C-cAMP 145 7 10
4. 31 iM 8-C-cAMP 112 14 8
5. 31 jM 8-CI-cAMP + 2 IU 218 34 3

ADA ml-'
6. 31 ,iM 8-Cl-cAMP+ 5% HI-FCS 325 360 - 2
7. 10 iM 8-NHi-cAMP 63 11 4
8. 31 iM 8-NH,-cAMP <5 - 3
9. 31 1AM 8-NHW-cAMP + 5% HI-FCS 268 249 -

10. 20 iM 8-CPT-cAMP 410 15 6
11. 2001M 8-CPT-cAMP 296 15 9
12. 500 1M N6-benzoyl-cAMP 277 34 3
13. 20IAM Forskolin 263 25 4
14. 1OOLM IBMX 356 14 3
15. 330IM IBMX 311 27 5
16. 830jLM IBMX 160 15 3
17. 5% FCS+2 IUml-' ADA 395 10 4
18. 5% HI-FCS 438 24 4
The cells were seeded at a density of 12 000 cm 2 and grown in DMEM supplemented with 5% FCS

(control condition). In conditions 6. 9 and 10 the cells were cultured in 5% heat-inactivated FCS (5%
HI-FCS). The cell number was determined after 72 h of treatment, and is expressed as percentage of the
cell number determined before the addition of the above agents. Massive cell death was observed in
cultures treated with 101AM 8-Cl-cAMP, 31 FIM 8-C-cAMP, 101M 8-NH,-cAMP, or 301AM 8-NH.-
cAMP (conditions 3,4,7 and 8 respectively) and very little cell death observed in conditions 5,6 and 9. No
cell death was observed in conditions 10- 18. Standard error of the mean (s.e.m.) and the number (n) of
separate determinations are listed in columns 3 and 4. ADA, adenosine deaminase; IBMX, 3-isobutyl-l-
methylxanthine.
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FJrwe 2 Test of the reversibility of 8-Cl-cAMP-induced cell
death. The cells were supplemented with 1001AM 8-C-cAMP (A)
or left unsupplemented as controls. After 8-C-cAMP treatment
for 7h (A) or 23h (0), the cells were washed twice in fresh
medium and allowed to continue the incubation in paralel condi-
tioned medium in absence of 8-l-cAMP. Each point represents
the mean ± s.e.m. of three or more separate experiments (bars) or
the mean of two separate experiments (without bars).

this method. Also to address the question of whether DNA
cleavage might occur in a subpopulation of cells in situ nick
end-labelling of nuclear chromatin was performed using
DIG-dUTP as probe (see Materials and methods section).
These studies confirmed that the DNA remained intact in
cells treated with okadaic acid (or calyculin A) (Figure 7i and
j). However, among cells treated with 8-Cl-cAMP, 8-Cl-
adenosine, or 8-NH2-cAMP a considerable fraction was

FJgwe 3 Early morphological effects of 8-NH2-cAMP and 8-Cl-
cAMP on attached MCF-7 cells. The cells were exposed to 301M
8-NH2-cAMP for 30 h (b) or 1001LM 8-Cl-cAMP (c) and vehicle
(a) for 40 h. The cells were fixed and processed for TEM
(magnification x 2240).

DIG-dUTP positive demonstrating DNA breakage (Figure
7). Cells treated with 8-NH2-cAMP showed preferential DIG-
dUTP staining of the marginal chromatin (Figure 7g and h).
This was compatible with the morphological pattern of 8-
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Figure 4 Ultrastructure of apoptotic MCF-7 cells. The cells were
treated with 100 nM okadaic acid for 12 h (a), 30 1tM 8-NH2-
cAMP for 30 h (b), or 100 pM 8-Cl-cAMP for 48 h (c). The
magnifications are x 2300 (a,b) and x 3200 (c). The arrow heads
in (c) mark the cell border of two partially fused cells.

NH2-cAMP-treated cells showing marginal chromatin con-
densation in detached cells (Figure 4b). Cells treated with
8-Cl-cAMP showed a more heterogeneous picture. In these
cells both condensed and more dispersed chromatin was
found among the DIG-dUTP positive cells (Figure 7). The
latter phenotype represented most probably secondary nec-

rosis in apoptotic cells although induction of primary nec-
rosis could not be excluded. On closer examination we found
both negative and positive condensed nuclei (Figure 7b and
d) suggesting these cells to be in different stages of apoptosis;
the former perhaps representing an early and the latter a late
apoptotic phase, respectively (Figure 7). The DIG-dUTP
staining pattern of cells treated with 8-Cl-adenosine closely
resembled that of cells treated with 8-Cl-cAMP (Figure 7e
and f).

Discussion

In this report we show that 8-Cl- and 8-NH2-cAMP kill
MCF-7 cells by induction of apoptosis through a mechanism
that does not involve activation of cAK. More hydrolysis-
resistant cAMP analogues, such as 8-CPT-cAMP and N-
benzoyl-cAMP, induced reversible growth inhibition rather
than induction of apoptosis in MCF-7 cells (Figure 1, Table
I). The effect of these cAMP analogues was mimicked by a

microinjected catalytic but not regulatory cAK subunit
demonstrating free cAMP to be involved in negative regula-
tion of growth, but not cell death in these cells (Vintermyr et
al., 1995)

That 8-Cl-cAMP (and 8-NH2-cAMP) and 8-Cl-adenosine
induced cell death by apoptosis rather than necrosis was

carefully evaluated. Firstly, all rounded up cells excluded
trypan blue, suggesting their plasma membranes to be intact.
Secondly, the morphological effects, including an early loss of
cell-cell interaction and microvilli, prominent segregation of
cellular organelles, marginal or complete condensation of
nuclear chromatin, and apparent intactness of mitochondria
(Figures 3 and 4) resembled apoptosis (Kerr et al., 1972;
Clarke, 1990). Moreover, okadaic acid, previously reported
to induce apoptosis in MCF-7 cells (B0e et al., 1991),
induced a similar morphological pattern (Figure 4a). Specific
internucleosomal DNA fragmentation was not found during
8-Cl- or 8-NH2-cAMP-induced cell death (Figure 6). In a

recent report, 3 days' exposure to low okadaic acid concent-
rations induced apoptotic cell death in MCF-7 cells in the
presence of internucleosomal DNA fragmentation (Kiguichi
et al., 1994). We did not find specific DNA fragmentation
(Figure 5, insets; Figure 7g and h) in apoptotic MCF-7 cells
after exposure to okadaic acid, our results thus being more

compatible with those reported by Oberhammer -t al. on
MCF-7 apoptosis induced by serum starvation (Oberhammer
et al., 1993). Along with other reports specific inter-
nucleosomal DNA fragmentation should not be considered a

major criterion of apoptosis (see e.g. Cohen et al., 1992). In
cells treated with 8-Cl-cAMP or 8-Cl-adenosine a major frac-
tion of nuclei with condensed morphology (bisbenzimide
staining) remained negative with respect to incorporation of
DIG-dUTP whereas cells having a more disperse or less
condensed chromatin structure became more frequently
stained (Figure 7c-f). The results suggest that the initial
condensation of nuclear chromatin occurred in the absence
of DNA breakage; the latter being a more prominent feature
of late apoptotic and secondary necrotic cells. In various
fibrosarcoma cell lines a dualism between apoptosis and nec-

rosis was noticed in which the less malignant cells died
mainly through apoptosis, whereas the more malignant ones

primarily underwent necrosis (Arends et al., 1994). In our

study the MCF-7 cells reacted by synchronised induction of
apoptosis after addition of okadaic acid suggesting that the
triggering of apoptosis at least by this mechanism (Boe et al.,
1991; Jensen et al., 1994) was the same in all MCF-7 cells.
Also in MCF-7 implants in nude mice generalised induction
of programmed cell death was reported after abrogation of
oestrogen (Kyprianou et al., 1991).

Adenosine monophosphate (AMP) is non-toxic and
induces reversible inhibition of growth in MCF-7 cells (Hugo
et al., 1992). In the present work we show that 8-Cl-
adenosine induces apoptotic cell death in MCF-7 cells. A
related substance, 2-chloro-2-deoxyadenosine, used for treat-
ment of human cancer, has been reported to induce apoptotic
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Figure 5 Potency ot- calyculin A (a) and okadaic acid (b) for
rounding of cells and condensation of nuclear chromatin. The
cells were treated for 12 h before fixation and staining with
bisbenzimide (0.001 mgml-'). The fractions of cells with normal
morphology (0.A) and non-condensed nuclear chromatin
(-.-) were determined. The concentrations (doses). giving half

Detached Adherent Degraded DNA
I 11 11 1-

Fire 6 Test of internucleosomal DNA fragmentation MCF-7
cells were exposed to 1OOiLM 8-Cl-cAMP. 3OpM 8-NfH-cAMP.
or vehicle (control) for 48 h. DNA was extracted separately from
detached (lanes I and 2) and adherent (lanes 3- 5) cells. An
aliquot of 10;Lg of DNA was loaded in each lane except for lane
4 in which only 5 lLg DNA was loaded since very few cells
remained adherent after treatment with 30 pM 8-NH-cAMP for
48 h (see also Figure 1). The sensitivity for detection of inter-
nucleosomal DNA fragments was tested (lanes 6-8) by mixiag
specifically degraded DNA from apoptotic myeloid leukaemic
(IPC-81) cells (Gjertsen et al., 1994) with chromosomal DNA
from intact (non-apoptotic) primary hepatocytes. Typical DNA
ladder patterns are shown after mixing 0.4 pg degraded DNA
with 9.6 pg intact chromosomal DNA (lane 6). 1 pLg degraded
DNA with 9 pLg intact chromosomal DNA (lane 7). or 5 pg
degraded DNA with 5 lLg intact chromosomal DNA (lane 8)
alone (for details see Materials and methods section).

cell death in human chronic lymphocytic leukaemia cells
(Robertson et al.. 1993). In a recent study we found that
several adenosine analogues at low concentrations were

capable of inducing apoptotic cell death in a rat promyeloid
leukaemic (IPC-81) cell line; the most potent being 7-Deaza-
adenosine (Ruchaud et al., 1995). Interestingly, IPC-81 cells,
as opposed to MCF-7 cells, were relatively resistant to induc-
tion of apoptosis by 8-Cl-adenosine showing that the respon-

siveness to adenosine analogues may be dependent on cell
type. The use of such analogues to provoke apoptotic cell
death in pharmacologically less responsive cells, like the
MCF-7 cells, could therefore be worth further study.
Although the mechanisms of action of adenosine metabolites
are not known, both single- or double-stranded breaks in

DNA have been reported (Saven et al.. 1994).

maximal deformation of morphology (ED_% ). were 45 nM for
okadaic acid and 3.0 nM for calyculin A. The concentrations
(doses). giving half maximal condensation of nuclear chromatin
(EDy,drO,,, ). were 188 nM for okadaic acid and 8.9 nM for
calyculin A. The results are the mean of parallel samples in two
separate experiments. Insets. DNA electrophoretic patterns of
10 pg of DNA extracted from MCF-7 cells treated with 50 nM
calyculin A (a) or 100 nM okadaic acid (b) for 20 h.
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The effect of cAMP-dependent protein kinase is counter-
balanced by serine threonine protein phosphatases (PPs).
Specific inhibitors of PPs have proved useful in elucidating
the biological effects of these phosphatases (Cohen et al.,
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1990: Mumby and Walter, 1993). In a previous report we
found that okadaic acid induced morphological effects
resembling apoptosis in several cell types including MCF-7
cells (Boe et al.. 1991). Although both okadaic acid and

Figue 7 Test of chromosomal DNA breakages by the DIG-dUTP nick end-labelling method. The cells were treated with vehicle
(a.b). 100 FLM 8-Cl-cAMP (c.d). I0 liM 8-Cl-adenosine (panels e.f), 30 uM 8-NH,-cAMP (g.h) for 48 h, or 100 nM okadaic acid for20 h (Q). Detached cells were pooled by centrifugation and fixed. The structure of nuclear chromatin (ac,eg. i) was visualised by
staining with the DNA-specific fluorescent probe bisbenzimide (33258) on rhodamin-anti-DIG-dUTP transferase nick end-labelled(b.d.f.hj) specimens.
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8-Cl-cAMP (and 8-NH.-cAMP) induced apoptosis in MCF-7
cells. no interaction was found between these agents for
induction of apoptosis. suggesting their modes of action to
be channelled through separate pathways in the cell. The
apoptotic morphology induced by okadaic acid. 8-Cl-cAMP.
and 8-NH.-cAMP showed some common features as well as
dissimilarities (Figures 3 and 4). That the induction of apop-
tosis bv 8-Cl-cAMP was less synchronised than in the
presence of 8-NH.-cAMP could contribute to the difference
between these agents. However, heterogeneity in the apop-
totic morphology in one single cell type induced by various
agents was recently characterised in a leukaemic cell line
(Gjertsen et al.. 1994). One novel feature of cells treated with
PP inhibitors was that the morphological effects preceded the
condensation of nuclear chromatin (Figure 5). Also, in nor-
mal epithelial cells such as primary rat hepatocytes and
human keratinocytes. the condensation of nuclear chromatin
was a late-onset response to these agents (unpublished
results). In some leukaemic cells the condensation of nuclear
chromatin could not be separated from the morphological
effects occumrng in the cytoplasm (Gjertsen et al., 1994;
Jensen et al.. 1994). suggesting that the response to PP

inhibitors could be different in cells of epithelial and mesen-
chymal origin.

In this work we show for the first time that 8-Cl-adenosine
and easily hydrolysable cAMP analogues like 8-Cl-cAMP
and 8-NH.-cAMP induce cell death by apoptosis through a
cAMP-independent mechanism. The toxicity of the cAMP
analogues was dependent on supplements of serum in the
culture media. Conversion of non-toxic cAMP analogues into
cytostatic compounds by biodegradation in serum or in tissue
could be of pharmacological significance.

Abbreviations
cAK. cAMP-dependent protein kinase: 8-Cl-cAMP. 8-chloro-cAMP;
8-Cl-adenosine. 8-chloro-adenosine; 8-NIH--cAMP. 8-amino-cAMP:
ADA. adenosine deaminase: IBMX. 3-isobutyl-1-methvlxanthine; 8-
CPT-cAMP. 8-[4-chlorophenvithiol-cAMP: DIG. digoxigenin.
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