Biochemistry (Moscow), Vol. 67, No. 2, 2002, pp. 254-259. Translated from Biokhimiya, Vol. 67, No. 2, 2002, pp. 303-310.
Original Russian Text Copyright © 2002 by Taurin, Ryazhsky, Maximova, Chuchalin, Hamet, Pshezhetsky, Orlov.

Suppression of Programmed Cell Death
by Intracellular cAMP Is not Mediated by Expression
of Genes Encoding an Inhibitor of Apoptosis

S. Taurin', G. G. Ryazhsky?, N. V. Maximova?*, A. G. Chuchalin’,
P. Hamet!, A. V. Pshezhetsky', and S. N. Orlov"**

"University of Montreal Research Center, Quebec, Canada
2Laboratory of Physical Chemistry of Biomembranes, School of Biology, Lomonosov Moscow State University,
Moscow, 119899 Russia; fax: (095) 939-1116; E-mail: sergei.n.orlov@umontreal.ca

Received November 22, 2000
Revision received May 17, 2001

Abstract—The elevation of intracellular cAMP content is accompanied by expression of genes whose promoter contains a
Ca**-cAMP responsive element. In vascular smooth muscle cells (VSMC), activation of cAMP signaling blocks apoptosis
triggered by serum deprivation. In the present study we investigated the role of gene expression in the inhibition of apoptosis
by cAMP. In VSMC transfected with E1A adenovirus, incubation in the absence of serum for 6 h led to 20-fold elevation of
chromatin fragmentation and 10-fold activation of caspase-3 activity, these being employed as markers of apoptosis.
Forskolin-induced activation of cAMP signaling was accompanied by 50% elevation of RNA synthesis and completely abol-
ished the development of apoptosis during the initial 6 h incubation in growth factor-free medium. In 12 h apoptosis in
forskolin-treated VSMC was slowly developed and after 24 h the content of chromatin fragments was 2-fold less than in con-
trol cells. Addition of actinomycin D and cycloheximide completely blocked RNA synthesis and decreased protein synthesis
by 80%, respectively. Neither compound affected baseline apoptosis or its inhibition by forskolin. More than 70 newly phos-
phorylated proteins were observed by 2D-electrophoresis of VSMC after incubation with forskolin for 3 h; in 24 h the num-
ber of phosphoproteins triggered by forskolin was decreased by 2-3-fold. These results show that suppression of VSMC apop-
tosis under activation of cAMP signaling is mediated via posttranslational modification of pre-existing intermediates of the
apoptotic machinery rather than by de novo synthesis of inhibitors of programmed cell death.
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Initial stages of programmed cell death (apoptosis)
possess tissue specific features that are lost at the terminal
(universal) stages during activation of specific proteases
(caspases). This is important for the development of
pharmacological approaches for correction of diseases
(e.g., Alzheimer’s and Parkinson’s diseases) character-
ized by premature cell death or accumulation of
“unwanted” cells that appear during malignant conver-
sion or tissue hypertrophy. Long-term maintenance of
increased blood pressure and atherosclerosis are accom-
panied by vascular wall hypertrophy [1-4]. We earlier
investigated the role of signal systems in the development
of apoptosis of vascular smooth muscle cells (VSMC). We
found that in contrast to immune system cells, VSMC are
less sensitive to agonists of so-called death receptors
(FAS-ligand, TNF-a); however, these cells undergo
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apoptosis in growth factor-free medium. Addition of the
low-selectivity protein kinase inhibitor staurosporine and
the highly selective inhibitors of serine/threonine phos-
phatases caliculin and okadaic acid also induced apopto-
sis of VSMC [5]. Activation of the cAMP signaling system
[6] or increase of intracellular [Na™]/[K™] ratio [7] atten-
uated the development of apoptosis of VSMC at the stage
preceding caspase-3 activation. However, systems
involved in protection of cells against apoptosis are tissue-
specific. For example, Na*/K*-ATPase inhibitors exhibit
the antiapoptotic effect in VSMC and neuronal cell cul-
ture [8], but they were ineffective in immune system cells
pretreated with FAS-ligand [7]. Antiapoptotic effect of
activators of cAMP signaling was noted in neutrophils
[9], hepatocytes [10], and neuronal [11] and endothelial
[12] cells but not in T-lymphocytes [13]; moreover, in
thymocytes activation of cAMP signaling stimulated
apoptosis [14].

0006-2979/02/6702-0254$27.00 ©2002 MAIK “Nauka /Interperiodica”



SUPPRESSION OF PROGRAMMED CELL DEATH BY INTRACELLULAR cAMP

The antiapoptotic effect of Na*/K*-ATPase
inhibitors on VSMC was abolished by adding inhibitors
of RNA and protein syntheses [15]. Taking into consid-
eration data on the sharp increase of [*H]uridine incor-
poration into RNA fraction [15] and identification (by
2D-electrophoresis) of newly synthesized proteins [16],
it was suggested that slowing VSMC death at the
increased intracellular [Na*]/[K*] ratio is mediated by
activation of expression of genes encoding apoptosis
inhibitor. In many cell types cAMP increase is accom-
panied by expression of genes containing a Ca’'-
cAMP-response element (CRE) in their promoter [17-
19]. Transfection of neuronal cells with CRE-binding
protein (CREB) protected them against okadaic acid-
induced apoptosis [20]. This effect may be attributed to
increased expression of the gene encoding the anti-
apoptotic protein bcl-2; its promoter contains CRE
[21]. Antiapoptotic protection of hepatocytes by activa-
tion of cAMP signaling requires the presence of
inhibitors of RNA synthesis [10]. In the present study
we investigated the effect of adenylate cyclase and
forskolin on RNA synthesis in VSMC and also effects of
inhibitors of RNA and protein syntheses on the devel-
opment of apoptosis during activation of cAMP-
dependent signaling.

MATERIALS AND METHODS

Cell culture. Vascular smooth muscle cells were iso-
lated from aortas of male Sprague—Dawley rats as
described previously [22]. The resulting cells were trans-
fected with ElIA adenovirus by Dr. M. R. Bennett
(University of Cambridge, UK). In contrast to intact
VSMC, which are rather resistant to apoptosis triggers,
from 30 to 50% ElA-transfected cells (VSMC-E1A)
undergo apoptosis after the incubation in growth factor
free medium for 4-6 h [23]. Therefore, these cells are a
convenient model for the pharmacological analysis of the
role of signal systems in the triggering and inhibition of
apoptosis.

Detection of apoptosis. The development of apop-
tosis in VSMC-EIA was monitored by the accumula-
tion of chromatin fragments [24]. Briefly, cells grown in
24-well plates for 24 h in DMEM (Dulbecco modified
Eagle’s medium) containing 10% calf serum and
1 uCi/ml [*H]thymidine were washed and incubated in
the medium without radiolabeled thymidine for 48 h.
Apoptosis was initiated by transfer of the cells into the
serum-free medium containing additions listed in the
tables. After the incubation medium was collected for
radioactivity counting (4,) cells were lysed in the cold
with 10 mM Tris-HCI buffer, pH 8.0, containing 0.5%
Triton X-100 for 15 min. The resulting lysate was cen-
trifuged for 10 min at 10,000 rpm; the supernatant was
used for radioactivity counting (4,). The sediment and

BIOCHEMISTRY (Moscow) Vol. 67 No.2 2002

255

remaining cells (in wells) were treated with 10% SDS
and 4 mM EDTA and were also used for radioactivity
counting (A4;). Relative content of intracellular chro-
matin fragments was determined as A, (4, + A, +
A;)71-100%. In previous studies we demonstrated that
this method is very convenient for quantitative evalua-
tion of apoptosis and the data obtained well corre-
sponded to analysis of DNA fragments, phos-
phatidylserine accumulation on the external surface of
plasma membrane, and also to morphological analysis
of the content of apoptotic cells [6, 7, 25]. In the other
series the development of apoptosis was evaluated by
caspase-3 activity measured by the rate of cleavage of
the fluorescence-labeled selective substrate of this
enzyme: Asp-Glu-Val-Asp-AMC. Caspase-3 activity
was measured in the absence and in the presence of the
selective inhibitor of this enzyme Ac-Asp-Glu-Val-
Asp-CHO (1 uM) [6].

Synthesis of RNA and protein was determined by
incorporation of [*H]uridine and [*H]leucine, respective-
ly [26, 27]. The effect of RNA and protein synthesis
inhibitors on cell viability was evaluated by the proportion
of Trypan blue stained cells. Cell suspension obtained
after the treatment with 0.05% trypsin in Mg?*- and Ca**-
free medium was treated with 0.2% Trypan blue. The total
number of cells and the number of trypan blue stained
cells were determined using a hematocytometer.

Protein content was determined by the Lowry
method [28].

Identification of phosphorylated proteins using 2D-
electrophoresis. Cells (VSMC-E1A) grown in flasks
(85 cm?) were preincubated in phosphate-free DMEM
containing 10% serum and *’P; (200 uCi/ml) for 3 h.
After this pretreatment the incubation medium was sub-
stituted for standard DM EM containing 10% serum, and
the cells were incubated in the presence or absence of
forskolin for 3 or 24 h. Cells were then washed four times
with cold 10 mM sodium phosphate buffer, pH 7.4, con-
taining 140 mM NaCl and lysed in 600 pl of medium
containing 8 M urea, 20 mM tributyl phosphine, 50 mM
thiourea, 40 mM Tris, and 4% CHAPS. The resulting
samples were applied onto lanes with nonlinear pH gra-
dient (pH = 3-10) Immobiline (Pharmacia, Sweden) and
subjected to isoelectrofocusing in a Protean AEF system
(BioRad, USA) followed by subsequent electrophoresis
(for 16 h) in 8-16% polyacrylamide gel (10 mA) using the
Protean II system (BioRad). Gels were fixed in the mix-
ture 50% methanol/10% acetic acid and dried under vac-
uum. Phosphorylated proteins were developed by
radioautography and analyzed using PD Quest software
(Bio-Rad).

Chemicals. [*’H]Thymidine, [*H]uridine, [*H]leu-
cine, and *P-orthophosphate were purchased from
Amersham (Canada). Other chemicals were obtained
from Sigma (USA), BIOMOL (USA), and Gibco
(USA).
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RESULTS

We previously found that incubation of VSMC-E1A
in growth factor-free medium for 3-6 h is accompanied
by rapid triggering of apoptosis [6, 7, 23, 25]. The results
of the present study are consistent with the previous
observations. Figure 1 shows that incubation of VSMC-
ElA in growth factor (serum)-free medium for 6 h was
accompanied by significant increase in chromatin frag-
ments from 2 to 25-30% (Fig. 1, curve 2). Forskolin addi-
tion completely abolished the effect of serum deprivation
on the accumulation of chromatic fragments during incu-
bation for 6-12 h; after the incubation for 24 h the con-
tent of chromatin fragments in forskolin-treated cells was
two-times less than in control cells (Fig. 1, curves 3and 2,
respectively). Previously we found that besides forskolin,
the activation of cAMP signaling by p-adrenoreceptor
agonists, cholera toxin (G, protein activator) phosphodi-
esterase inhibitor and cAMP analog, 8-Br-cAMP, also
inhibited apoptosis in VSMC [6].

Transient suppression of apoptosis in cells with an
activated cAMP-dependent signaling system may be a
consequence of expression of genes encoding apoptosis
inhibitor. It is also possible that this effect is due to
involvement of protein kinase A in the phosphorylation of
pre-existing regulators of the apoptotic machinery lead-
ing to modification of their activity. To test these alterna-
tive hypotheses, we compared effects of adenylate cyclase
activator (forskolin) on apoptosis in the presence and
absence of inhibitors of RNA synthesis (actinomycin D

Chromatin fragments, %

Fig. 1. Kinetics of accumulation of intracellular chromatin
fragments in VSMC transfected with ElA-adenovirus and
incubated in growth factor-free medium: 7) control (incubated
with 10% calf serum); 2) serum-free medium; 3) serum-free
medium + 10 pM forskolin. Total content of *H-labeled DNA
was defined as 100%. The data are the means of four measure-
ments.
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(Act-D)) and protein synthesis (cycloheximide (CHX)),
respectively. In accordance with previous observations in
other cell types [18, 19], the incubation of VSMC-EI1A
with forskolin for 2 h caused an increase of RNA synthe-
sis (by 50-60%) (Table 1). Pretreatment with Act-D for
30 min was accompanied by 100-fold reduction of RNA
synthesis in VSMC-E1A and complete abolishment of the
effect of forskolin. Pretreatment with CHX caused 6-7-
fold reduction of [*H]leucine incorporation into the pro-
tein fraction of VSMC-EIA. Neither Act-D nor CHX
influenced the development of apoptosis measured by
accumulation of chromatin fragments in cells subjected
to incubation in growth factor-free medium (serum dep-
rivation) for 6 h (Table 2). Similar results were obtained
during assay of caspase-3 activity (Table 3). Neither com-
pound influenced the number of Trypan blue stained cells
(Table 1). This suggests lack of toxic effect of the short-
term inhibition of protein and RNA syntheses.

To test the possible role of cAMP-dependent protein
phosphorylation in modulation of apoptosis we investigat-
ed the content of phosphorylated proteins in VSMC-EI1A
treated with forskolin for 3 and 24 h. Forskolin completely
abolished the development of apoptosis during incubation
for 6 h; the antiapoptotic effect of forskolin was reduced
during longer incubation (for 12 h) (Fig. 1). Results of 2D-
electrophoresis of **P-labeled cells indicate that incubation
with forskolin for 3 h was accompanied by phosphorylation
of more than 70 proteins of molecular masses ranging from
15 to 200 kD and p/ from 3.2 to 9.5 (Fig. 2b); after the
incubation with forskolin for 24 h, the number of phos-
phorylated proteins was reduced to 20-30 (Fig. 2¢).

DISCUSSION

Previous studies revealed that the activation of the
cAMP signaling system and the increase of intracellular
ratio of Na*/K* by Na*/K"-ATPase inhibitors caused
transient inhibition of apoptosis in VSMC at the stage
preceding caspase-3 activation [6, 7]. Inhibitors of RNA
and protein synthesis abolished the effect of Na*/K*-
ATPase inhibitors on the development of apoptosis [15].
The latter suggests that inhibition of apoptosis by inver-
sion of [Na*],/[K*]; is realized by the activation of some
[Na*]/[K*]-sensor (S) followed by subsequent expression
of an unidentified inhibitor of apoptosis (INH) (Fig. 3).
It was also noted that the inhibition of Na*/K*-ATPase in
VSMC caused 5-10-fold increase of RNA synthesis [15].
The latter may also be related to expression of early
response genes (ERG). In fact, it was found that inhibi-
tion of Na*/K*-ATPase in hepatocytes [29], lymphocytes
[30], fibroblasts [31] and cardiomyocytes [32] was
accompanied by sharp increase of c-fos and c-jun
mRNA. The role of these and other ERG as possible trig-
gers of expression of apoptosis inhibitor in VSMC (Fig. 3)
are currently being investigated in our laboratory.
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Table 1. Effect of actinomycin D and cycloheximide on synthesis of RNA and protein and viability of VSMC trans-

fected with E1A adenovirus

Additions to incubation medium, pg/ml

RNA synthesis, cpm/mg protein

control

forskolin

Protein synthesis,
cpm/mg protein

Trypan blue
stained cells, %

Control
Actinomycin D, 2

Cycloheximide, 2

43876 £ 3412
471 £ 68*
9213 £+ 700*

69344 + 5733
418 £ 177*
10287 + 1075*

8754 + 988
2538 + 311*
1313 £+ 98*

Note: VSMC-EIA cells were cultivated in the presence of 10% calf serum. Rates of RNA and protein syntheses were evaluated by incorporation of
[*H]uridine and [*H]leucine (1 pCi/ml); the radiolabeled compounds were added 2 h before termination of cell incubation. Actinomycin D
and cycloheximide were added 30 min before addition of forskolin (10 pM) and isotopes. Trypan blue stained cells are given as percent of
total number of cells. Data represent the mean + SD of four measurements.

* p <0.001 compared to control.

Table 2. Effect of forskolin, actinomycin D, and cycloheximide on apoptosis in VSMC-E1A measured by accumula-
tion of intracellular chromatin fragments

Content of chromatin fragments, %
Additions to incubation medium, pg/ml

medium with 10% serum serum-free medium
control forskolin control forskolin
Control 24+0.3 1.9+£0.2 28.7 £ 3.6 3.3+ 1.0%*
Actinomycin D, 2 3.3%+0.6 2.1+£0.3 254+2.0 4.0 +0.5%*
Cycloheximide, 2 36£04 2.0 £ 0.3* 26.0 2.7 3.8 £0.4%*

Note: VSMC-EIA cells pre-labeled with [*H]thymidine were cultivated in medium containing 10% calf serum, then cells were incubated for 6 h in
the presence or absence of serum and 10 uM forskolin. Actinomycin D and cycloheximide were added 30 min before forskolin addition. Total
content of *H-labeled DNA was defined as 100%. Data represent mean = SD of four measurements.

* p<0.02;
** p <0.001 compared to cells incubated without forskolin.

Table 3. Effect of forskolin, actinomycin D, and cycloheximide on the activity of caspase-3 measured in VSMC-E1A
cells

Caspase-3 activity, nmole/h per mg protein
Additions to incubation medium, pg/ml

medium with 10% serum serum-free medium
control forskolin control forskolin
Control 0.42%0.16 0.31 £0.10 47+1.2 0.55£0.11*
Actinomycin D, 2 0.38 £0.12 0.33£0.11 41%09 0.48 £0.17*
Cycloheximide, 2 0.40 £0.13 0.35 £ 0.09 50x1.1 0.44 + 0.14*

Note: VSMC-EI1A cells were cultivated in medium containing 10% calf serum, then cells were incubated for 6 h in the presence or absence of serum
and 10 uM forskolin. Actinomycin D and cycloheximide were added 30 min before forskolin addition. Data represent mean *+ SD of four
measurements.

* p <0.001 compared to cells incubated without forskolin.
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Fig. 2. Effect of forskolin on protein phosphorylation in VSMC transfected with E1A adenovirus: a) proteins phosphorylated under control
conditions (10% calf serum, no forskolin); b) proteins phosphorylated after incubation with forskolin (10 uM) for 3 h; c) proteins phospho-
rylated after incubation with forskolin (10 uM) for 24 h; p/ and M., of phosphoproteins are given on abscissa and ordinate, respectively.

Results of the present study clearly indicate that in
contrast to Na*/K*-ATPase inhibitors the inhibition of
apoptosis during activation of cAMP-dependent signal-
ing is accompanied by moderate increase of [*H]uridine
incorporation into RNA fraction (Table 1) and does not
depend on the presence of inhibitors of RNA and protein
synthesis (Tables 2 and 3). This suggests that the anti-
apoptotic effect of cCAMP is not related to expression of

[Na™];/[K"],

genes encoding an inhibitor of programmed cell death.
Results of the present study also suggest that cAMP-
dependent inhibition of apoptosis involves activation of
protein kinase A followed by phosphorylation of pre-
existing proteins. This may have two possible conse-
quences: inhibition of activity of apoptosis triggers
(ACT~P) or activation of inhibitors of apoptotic machin-
ery (INH~P)*, Fig. 3). This is consistent with the fol-

Apoptotic
stimulus

ACT* ——» ACT~P
<<

44— cAMP

®

ERG prom in

prom

Q

xO

(INH~P)*

Caspase-3

APOPTOSIS

Fig. 3. Possible mechanisms of involvement of [Na*],/[K*]; and cAMP in the inhibition of apoptosis in VSMC. S, sensor generating a sig-
nal during increase in intracellular [Na*]/[K*]; prom, promoter; ERG, early response genes; inh, gene encoding apoptosis inhibitor; PKA,
protein kinase A; ACT~P and INH~P, phosphorylated forms of activator and inhibitor of apoptosis; *, activated state of proteins; + and —,
stimuli leading to activation and inhibition of the signal cascade, respectively; ?, unidentified component of the signal cascade. Other details

are given in the text.
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lowing data: 1) transfection of catalytic subunit of protein
kinase A inhibited apoptosis of VSMC-EI1A [6]; 2) addi-
tion of protein kinase A inhibitors attenuated antiapop-
totic effect of activators of cAMP-signaling system [6]; 3)
transient apoptosis inhibition by forskolin (Fig. 1) corre-
lated with kinetics of protein kinase A activation [6] and
protein phosphorylation (Fig. 2).

As in the case of other cell types, inhibitors of phos-
phatidylinositol-3 (PI3) kinase attenuated the protective
effect of growth factors against the development of apop-
tosis in VSMC [5, 33]. Serine/threonine protein kinase B
(ACT) is one of substrates of PI3 kinase. Recently it was
found that phosphorylation of a serine and threonine
residue of bcl-2 significantly increased its antiapoptotic
function [34, 35], whereas Bad phosphorylation reduced
efficacy of this protein as a trigger of apoptosis [36]. Bad
[36] and procaspase-9 [37] are phosphorylated by ACT in
vivo. In various cell types protein kinase A activates ACT
via a P13 kinase-dependent [10] and -independent mech-
anisms [38]. However, it should be noted that in hepato-
cytes protection against apoptosis by activation of cAMP-
signaling system does not involve ACT activation [10].
The role of this cascade leading to phosphorylation of
Bad and procaspase-9 and also the role of phosphopro-
teins visualized by 2D-electrophoresis (Fig. 2) in the
inhibition of apoptosis during activation of cAMP-
dependent signaling in VSMC requires further investiga-
tion.

This study was supported by grants from Canadian
Institutes for Health Research (MT-10803) and Russian
Foundation for Basic Research.
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