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Abstract In addition to a role for de novo protein synthesis in apoptosis we have previously shown that actlvation 
of a protein phosphatase or loss of activity of a kinase is also important in radiation-induced apoptosis in human cells 
[Baxter, and Lavin (1 992): J lmmunol 148:149-I 9541. We show here that some inhibitors of protein kinases exacerbate 
radiation-induced apoptosis in the human cell line BMI 3674. The specific protein kinase A inhibitor isoquinoline 
sulfonamide (20 FM) gave rise to significantly increased levels of apoptosis at 2-6 h postirradiation compared to values 
after radiation exposure only. The same concentration of isoquinolinesulfonamide, which was effective in increasing 
apoptosis, reduced activity markedly. A 66% inhibition of cyclic AMP-dependent protein kinase A activity occurred in 
unirradiated cells at this concentration of H89 and activity was reduced to 58% in irradiated cells. Calphostin C, a 
specific inhibitor of protein kinase C, at a concentration of 0.1 kM, which caused 68% inhibition of enzyme activity in 
irradiated cells, failed to enhance the level of radiation-induced apoptosis. Other kinase inhibitors did not lead to an 
additional increase in apoptosis over and above that observed after irradiation. The results obtained here provide further 
support for an important role for modification of existing proteins during radiation-induced apoptosis. o 1995 Wiley-Llss, inc. 
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Evidence is accumulating for a role for phos- 
phorylation/dephosphorylation of existing pro- 
teins in the process of apoptosis. Phorbol esters 
that activate protein kinase C (PKC) prevent 
DNA fragmentation and cell death in murine 
and human cells [McConkey et al., 1989; Rod- 
riguez-Tarduchy et al., 19891. Apoptosis in- 
duced by either heat treatment or by ionizing 
radiation exposure is accompanied by dephos- 
phorylation of a limited number of specific pro- 
teins in human BM13674 cells [Baxter and 
Lavin, 19921, and okadaic acid, an inhibitor of 
protein phosphatases 1 and 2A [Fujiki et al., 
19901 prevented apoptosis induced by either 
agent in these cells and the dephosphorylation 
of some proteins. We have recently extended 
these studies to show that okadaic acid pre- 
vented apoptosis induced by a variety of other 
damaging agents in both BM13674 cells and in 
cells from patients with leukemia [Song et al., 
19921. Furthermore, calyculin A, another spe- 
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cific inhibitor of phosphatases 1 and 2A, pre- 
vented apoptosis induced by ionizing radiation 
in BM13674 cells [Song and Lavin, 19931. These 
results suggest that an interplay of phosphatase 
and kinase activities is of central importance in 
gpoptosis in this system. 

Ionizing radiation, an agent shown to cause 
apoptosis in different cell types, has been demon- 
strated to activate both a PKC-dependent signal- 
ling pathway [Hallahan et al., 19911 as well as a 
protein tyrosine-kinase cascade, which triggers 
apoptosis [Uckun et al., 19921. While there is 
general agreement that apoptosis is an active 
process of cell death, the relative importance of 
de novo protein synthesis and modification of 
pre-existing proteins remains unclear. A require- 
ment for RNA and protein synthesis has been 
demonstrated in murine thymocytes undergo- 
ing apoptosis [Wyllie et al., 1980; Duke and 
Cohen, 1986; McConkey et al., 19881. On the 
other hand, inhibitors of macromolecular synthe- 
sis fail to arrest the process of apoptosis in 
human cells [Martin et al., 1990; Sellins and 
Cohen, 1987; Green and Cotter, 19931. Indeed, 
in some cases, compounds such as cyclohexi- 
mide and actinomycin D cause an induction of 
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apoptosis [Baxter et al., 1989; Ijiri and Potten, 
19871. Specific gene expression has also been 
shown to be associated with or required for 
apoptosis [Owens et al., 1991; Shi et al., 1992; 
Strasser et al., 19921. These data suggest that 
several pathways for apoptosis exist and in some 
cases all of the factors required are already 
present in the cell. 

The purpose of the present study was to inves- 
tigate the activity of various kinases in radiation- 
induced apoptosis and to examine the effects of 
inhibitors of these protein kinases on ionizing 
radiation-induced apoptosis in human cells. 

MATERIALS AND METHODS 
Reagents 

Isoquinolinesulfonamide (H-891, calphostin C, 
and genistein were purchased from Calbiochem. 
KN-62, CKl-7, W-7, ML-9, and H-7 were kindly 
provided by Professor Hiroyoshi Hidaka, Nagoya 
University School of Medicine. Peptide sub- 
strate (P,L,R,R,T,L,S,V,A-NH2) for calcium 
calmodulin-dependent protein kinase I1 
(CaMKII) was purchased from Auspep (Park- 
ville, Australia). &-Casein, myelin basic protein 
and Na3V04 were purchased from Sigma. Poly- 
clonal antibodies against the regulatory sub- 
units of protein kinase A (PKA) were a gift from 
Dr. Tore Jahnsen, University of Oslo, Norway. 
Matrix-associated protein ( M A P )  kinase anti- 
body was purchased from Pharmingen (San 
Diego, CAI. 

Cell Culture 

A spontaneous Epstein-Barr virus negative 
Burkitt’s lymphoma cell line, BM13674, was 
used in this study. These cells were established 
in this Institute by Professor Denis Moss. Cells 
were grown in RPMI-1640 medium containing 
10% heat-inactivated fetal calf serum (FCS) at  
37°C under 5% C02 in a humidified atmosphere. 
Exponentially growing cells were used for all 
experiments at a plating density of 1 x lo6 
cells/ml. Cell viability was determined using the 
MTT assay at a cell concentration of 1 x lo6 
cellslml [Carmichael et al., 19871. 

Detection of Apoptosis 

Cell morphology was evaluated using micros- 
copy. At the end of each incubation, cells were 
pelleted at 200g for 5 min and resuspended in 
fresh RPMI-1640 medium containing 10% FCS. 
The extent of apoptosis was determined using 

light microscopy with acridine orange as the 
number of cells undergoing micronuclear frag- 
mentation and condensation. 

Preparation of Cell Lysates 

For cyclic AMP-dependent P U ,  PKC, 
CaMmI, casein kinases I and 11, and pp60c-src 
assays, BM13674 cells were lysed in a buffer 
containing 20 mM Hepes, (pH 7.9,  0.2 mM 
EDTA, 10 pgiml leupeptin, 1 kg/ml aprotinin, 
0.5% NP40. After incubating on ice for 10 min, 
the lysate was centrifuged at  12,OOOg for 10 min 
(4’0, and the supernatant was retained for the 
assay. 

For PKC assays, 0.4 mM EGTA was added to 
the lysis buffer (see above) without the deter- 
gent, and cells were sonicated for 10 s with a 
Branson 250 sonifier (Duty cycle 30%, Output 
2.5). The cell lysate was diluted with the lysis 
solution without EGTA and centrifuged at  
12,OOOg for 10 min and the supernatant used in 
the assay. 

To determine the MAP kinase activity 
BM13674 cells were resuspended in an extrac- 
tion buffer containing 50 mM P-glycerophos- 
phate (pH 7.3), 1.5 mM EGTA, 0.1 mM Na3V04, 
1 mM DTT, 1 mM benzamidine, 10 pg/ml leu- 
peptin, 10 pg/ml aprotonin, 2 pg/ml pepstatin 
A. The cells were vortexed vigorously and kept 
on ice for 10 min. Following incubation the cell 
lysate was frozen, thawed once, and centrifuged 
at 12,OOOg for 10 min. The supernatant was 
employed in the assay. 

Enzyme Assays 

Kinase activities were assayed at 30°C for 5 
min by measuring the transfer of 32P from 
ATP[y-a2P1 to different substrates. PKA was 
assayed in a reaction mixture containing 50 mM 
Tris-HC1 (pH 7.0), 10 mM magnesium acetate, 
2 mM EGTA, 1-50 JLM CAMP or absence of 
CAMP (as control), 500 pg/ml histone H2B, 4 
FM ATP [ Y - ~ ~ P ]  (50 Ci/mmol). PKC activity was 
assayed in a reaction mixture containing 40 mM 
Tris-HC1 (pH 7.51, 20 mM MgC12, 10 mM WN”I’ 
1 mM CaC12, or 1 mM EGTA (as control), 100 
pg/ml phosphatidylserine, 500 pg/ml histone 
HI, 5-10 pM ATP [ Y - ~ ~ P ]  (50-100 Ci/mmol). 
Casein kinase I and I1 activities were assayed in 
a reaction mixture containing 50 mM P-glycero- 
phosphate (pH 7.01, 10 mM magnesium acetate, 
0.5 mM EGTA 1 mM DTT, 4 mg/ml a-casein or 
absence of casein (as control) and 10 pM ATP 
[+2P] (22 Ci/mmol). CaMKII activities were 
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assayed in a reaction mixture containing 35 mM 
Tris-HC1 (pH 8.01, 10 mM MgCl2, 1 mM CaClZ, 
0.1 mg/ml calmodulin or absence of calmoduh 
(as control), 0.1 mM peptide substrate (P, L, R, 
R, T, L, S, V, A-NH2), 10 pM ATP (22 Ci/mmol). 
The incubations for these assays were per- 
formed at 30°C for 5 min, except that for 
CaMKII, which was carried out for 2 min. 

MAP kinase activities were assayed in a reac- 
tion mixture containing 50 mM p-glycerophos- 
phate (pH 7.3), 1.5 mM EGTA, 0.1 mM Na3V04, 
1 mM DTT, 10 p,M calmidizolium, 10 mM MgClz, 
3 p,M H-89, 0.33 mg/ml myelin-basic protein or 
absence of myelin basic protein (as control), 0.1 
mM ATP [yJZP] (0.4 Cilmmol). The incubation 
was carried out at 30°C for 20 min. 

pp60c-src protein tyrosine kinase activity was 
determined in a solid-phase assay as described 
by Presek et al. [19881, except that protein 
G-Sepharose was used instead of ar-Sepharose 
suspension. The reaction was carried out at 
30°C for 20 min. 

The phosphotransferase reactions contained 
0.5-1.5 mg/ml of cell lysate protein. The reac- 
tions were terminated either by TCA precipita- 
tion or by spotting onto phosphocellulose paper 
strips (Whatman P81). In the case of TCA pre- 
cipitation 1 ml of ice-cold 20% TCA and 100 pg 
of BSA as a carrier protein were added. The 
samples were centrifuged at 12,OOOg for 15 min. 
The pellet was washed twice with 10% and once 
with 5% TCA solutions. The final pellet was 
dissolved in 1 ml of 1 N NaOH. The phosphocel- 
lulose paper strips were washed once in 10 mM 
phosphoric acid, twice in 5 mM phosphoric acid, 
briefly rinsed in water and ethanol and air dried. 
Radioactivity was measured by scintillation 
counting. 

Western Blotting 

BM13674 cells were resuspended in a lysis 
buffer containing 20 mM Hepes (pH 7.51, 0.2 
mM EGTA, 10 p,g/ml leupeptin, and 1 p,l aproti- 
nin. The cell lysate was sonicated for 15 s and 
centrifuged at  12,OOOg for 10 min (4°C). The 
supernatant was taken as the cytoplasmic frac- 
tion. The pellet was dissolved in the same lysis 
buffer containing 0.5% NP40 and incubated on 
ice for 10 min. Following 5-s sonication, the 
lysate was centrifuged at 12,OOOg for 10 min. 
The supernatant was taken as the particulate 
fraction; 75 p,g of protein was loaded on a 12% 
SDS-acrylamide gel. The proteins were blotted 
on a nitrocellulose membrane in bicarbonate 

buffer (3 mM NaZCO3, 10 mM NaHC03, 20% 
methanol, pH 9.9). The transfer was carried out 
for 16 h at  25-V constant voltage in a BioRad 
Western blotting apparatus. The ECL chemilu- 
minescent kit from Amersham was used to  visua- 
lise the immunoreactive bands. 

DNA Extraction 

DNA was extracted from cells using a modi- 
fied form of the procedure described by Miller et 
al. [19881. Briefly, cells were pelleted by centrifu- 
gation at 200g for 5 min at room temperature. 
Cell pellets were resuspended at  2 x lo6  cellslml 
in cell lysis buffer (10 mM NaC1, 1 mM EDTA, 
1% SDS, 10 mM Tris-HC1, pH 7.8) containing 
0.5 mg/ml proteinase K. The cell lysates were 
digested overnight at 37°C. After completion of 
digestion, saturated NaCl ( -  6 M) was added 
and the cell lysates were shaken vigorously. 
Each tube was then centrifuged at 1,800g on a 
benchtop centrifuge for 15 min. The superna- 
tant was transferred to another tube, and an 
equal volume of absolute ethanol was added; the 
tubes were inverted several times until the DNA 
precipitated. The DNA precipitates were then 
transferred to 1.5-ml microcentrifuge tubes, 
washed with 70% ethanol three times, air-dried 
for 2 h at  room temperature, and resuspended in 
TE buffer (10 mM Tris-HC1,0.2 mM EDTA, pH 
8.0). The DNA was allowed to dissolve for 2 h at 
37°C and treated with RNase at  a concentration 
of 0.2 mg/ml before quantitating. 

Electrophoresis of DNA 

DNA ( - 10 p,g) was loaded into each well and 
electrophoresis was carried out at 10 mA in 1.3% 
agarose gels with TBE buffer (89 mM Tris-HC1, 
89 mM boric acid, 2 mM EDTA, pH 8.0). After 
electrophoresis, each gel was stained in HzO 
containing 2 p,g/ml ethidium bromide for 10 
min and destained in HzO for 10 min. The DNA 
was visualized by UV illumination. 

RESULTS 
Effect of Irradiation and Inhibitors on Protein 

Kinase Activities 

We have previously shown that BM13674 cells 
undergo apoptosis after exposure to ionizing 
radiation and inhibitors of phosphatase activity 
prevent apoptosis 4-8 h postirradiation [Baxter 
and Lavin, 1992; Song et al., 1992; Song and 
Lavin, 19931. Initially the effects of irradiation 
on the activities of various protein kinases were 
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determined. Irradiation caused a time-depen- 
dent decrease in the activities of PKA, casein 
kinases, and pp6OSrc, while an increase was ob- 
served with PKC, CaMKII, and MAP kinase 
activities remained unchanged (Table I). When 
irradiation was carried out in the presence of 
calphostin C, a potent and specific inhibitor of 
PKC [Kobayashi et al., 19891, the activity of the 
enzyme was inhibited by 68% compared to the 
irradiated value alone (Fig. 1). Irradiation alone 

TABLE I. Effect of Ionizing Radiation on 
Activities of Various Protein Kinases 

in Cells Undergoing Apoptosis 

fmole P/min/mg cell lysate 
Un- 30 min 

treated after 4 h after 
Enzyme cells irradiation irradiation 

PKA 397 ? 76" 224 % 15 260 ? 27 
PKC 816 5 55 1,041 5 210 1,671 ? 240 
Calcium, 

calmodu- 
lin-de- 
pendent 
protein 
kinaseII 2,650 2 30 4,190 2 300 3,500 2 100 

kinase 
I, I1 1,380 2 56 630 2 19 842 % 50 

MAP kinase 3,520 & 360 3,720 % 100 3,417 2 70 
pp60c-src 45 2 4.7 31 2 4.5 27 ? 3.9 

"Mean s S D  for three experiments. The radiation dose used 
was 10 Gy. 

Casein 

increased PKC activity by 28%. A time-depen- 
dent increase in the percentage of apoptotic 
BM13674 cells was observed under these condi- 
tions (Fig. 2). By 6 h postirradiation, approxi- 
mately 30% of the cells were undergoing apopto- 
sis. The presence of calphostin C did not change 
the rate or extent of appearance of radiation- 
induced cell death (Fig. 2). 

Protein Kinase Inhibitors in Apoptosis 

Exposure of BM13674 cells to H89 a selective 
inhibitor of PKA [Chijiwa et al., 19901 caused a 
reduction in activity to 34 2 9% in unirradiated 
cells and when combined with radiation was 
reduced to 4.5% of the untreated value (Fig. 3). 
Cellular PKA activity was found to be sensitive 
to radiation exposure, being reduced to approxi- 
mately 56 k 7% of the untreated value at a dose 
of 10 Gy (Fig. 3). It is not clear how this radia- 
tion dose reduces enzyme activity, but it might 
be explained by protein modification of the regu- 
latory subunits or change in their expression 
levels. Under these conditions, a significant en- 
hancement of apoptosis was observed over the 
period 2-6 h postirradiation (Fig. 4). At 4 h 
postirradiation, there was a 93% increase in 
apoptotic cells in the presence of H89 (20 FM); 
after 6 h, the value increased by 51% over and 
above that after irradiation. This enhancement 
of radiation-induced apoptosis was observed over 
the concentration range 10-30 pM for H89 (Fig. 
5), but the extent of apoptosis a t  longer incuba- 
tion times was the same in all cases. Thus inhibi- 

Fig. 1. Inhibition of PKC activity by calphostin C. PKC activity was assayed at 30 min 
postirradiation, as described under Materials and Methods using Histone H1, as a substrate. 
The reaction contained 0.5 mgirnl cell lysate. Phosphotransferase activity is expressed as a 
percentage of the enzyme activity in unirradiated cells in the absence of calphostin C. The 
radiation dose was 10 Gy. 
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Fig. 2. Effect of calphostin C on y-radiation induced apoptosis in BM13674 cells, Cells were 
pretreated with calphostin C (0.1 (LM) for 1 h before exposure to y-radiation (10 Cy). 
Percentage of apoptotic cells was determined by microcopic examination after 0-, 2-, 4-, and 
6-h incubation. The results represent the mean &SD of three separate experiments. 

Fig. 3. Inhibition of PKA activity by H-89. PKA activity was determined at 30 mm post-irradiation using histone H2B 
as a substrate; 0.5 mg/ml cell lysate was employed in the reaction. All other conditions are as described under 
Materials and Methods. PKA activity is expressed as a percentage of the enzyme activity in unirradiated cells in the 
absence of H-89. The radiation dose used was 10 Cy. 

tion of PKA appears to  affect the rate of increase 
of apoptosis but not the final extent. H89 on its 
own did not appreciably increase the percentage 
of apoptotic cells above background levels. 

As observed previously, DNA was fragmented 
into oligonucleosomal sized pieces 4 h after expo- 

sure of BM13674 cells to  ionizing radiation (Fig. 
6, lane 3) and the extent of fragmentation was 
increased in the presence of H89 (Fig. 6, lane 4). 
Western blot analysis revealed that the amount 
of PKA regulatory subunits (RIa and RIla) in 
total cell extracts did not change appreciably 
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Fig. 4. Effect of H-89 on y-radiation induced apoptosis in BM13674 cells. Cells were 
pretreated with H-89 (20 PM) for 1 h before exposure to y-radiation (10 Cy). Percentage of 
apoptotic cells was determined by microcopic examination after 0-, 2-, 4-, and 6-h incubation. 
The results represent the mean 2SDof three separate experiments. 
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Fig. 5 .  Effect of increasing concentration of H-89 on rate and extent of apoptosis in BM1 3674 
cells exposed to y-radiation. Apoptosis was determined as described under Materials and 
Methods and points represent the means of two separate experiments. 
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Fig. 6. Effect of ti-89 on y-radiation induced DNA fragrnenta- 
tion in BMI 3674 cells. Cells were treated to induced apoptosis 
with y-radiation (10 Gy) in the presence or absence of H-89 
(20 KM). DNA was extracted and electrophoresed in 1.3% 
agarose gels, after 4-h incubation. Lane 1, untreated; lane 2, 
untreated + H-89; lane 3, y-radiation; lane 4, H-89 + y-radia- 
tion. 

during the process of radiation-induced apopto- 
sis. This was also confirmed by examining par- 
ticulate and cytosolic fractions separately (re- 
sults not shown). We also employed another 
inhibitor, the isoquinolinesulfonamide H7 which 
inhibits both PKA and PKC. PKA activity was 
inhibited by 98% at 6 FM and PKC activity was 
reduced by 37% in irradiated cells (Table 11). At 
6 pM H7, apoptosis was significantly enhanced 
in irradiated cells, an increase of 108% above 
irradiation only (Fig. 7). A number of other 
protein kinase inhibitors were also employed. 
Each reduced the activity of the target enzyme 
but failed to accentuate the amount of apoptosis 
induced by ionizing radiation (Table 11; Fig. 8). 

No effect of calmodulin on extent of apoptosis 
was observed in BM13674 cells, and the inhibi- 
tion of tyrosine phosphatases with Na3V0, did 
not influence the rate of radiation induced apop- 
tosis in these cells (Table 11). 

DISCUSSION 

The results described here provide further 
support for a role for pre-existing proteins in 
apoptosis. Failure of inhibitors of RNA and pro- 
tein synthesis to  prevent apoptosis induced by 
different agents in human cells [Baxter et al., 
1989; Martin et al., 19901 raised the possibility 
that the full complement of factors necessary for 
apoptosis was already present in these cells. In 
the absence of protein synthesis a strong possi- 
bility was that the response was mediated by 
post-translational change such as phosphoryla- 
tion/dephosphorylation, which are the major 
modifying influences in signaling pathways con- 
trolling cell growth and differentiation [Cohen, 
19921. 

It is clear that the process of apoptosis is 
complex involving several pathways which may 
be interactive or antagonistic. While McConkey 
et al. [19891 showed that PKC activation was 
important in preventing apoptosis in mouse thy- 
mocytes we did not find evidence for protection 
by TPA in the cell line used in this study [Baxter 
and Lavin, 19921. Failure to exacerbate the ex- 
tent of radiation-induced apoptosis by inhibitors 
of PKC in this study are supportive of the TPA 
data. The inhibitor calrnidazolium also inhibits 
Ca2+ ATPase activities at  5 FM [Fischer et al., 
19871. Ca2+ ATPase is a transporter that facili- 
tates transport of Ca2+ against the Ca2+ concen- 
tration gradient and is responsible for maintain- 
ing [Ca2+l near the basal value [Barritt, 19921, 
and Ca2+ is a positive regulator of PKC. The fact 
that calmidazolium had no effect on apoptosis in 
our cell lines is further proof that PKC is not 
involved in the apoptotic pathway in BM13674 
cells. Dowd et al. [19911 have also shown that 
steady-state levels of calmodulin mRNA were 
increased up to 10-fold following a 4-6-h expo- 
sure of WEH17.2 cells to M dexamethasone 
and calmodulin inhibitors interfered with the 
death pathway. Various inhibitors of CaMKTI 
and W-7 an inhibitor of calmodulin did not 
change the levels of apoptosis in BM13674 cells. 
Uckun et al. [19921 have reported that tyrosine 
phosphorylation appears to be an important 
proximal step in radiation-induced apoptosis 
since inhibitors of protein tyrosine kinases pre- 
vent apoptosis. Na3V04, an inhibitor of tyrosine 
phosphatases, and genistein, an inhibitor of pro- 
tein tyrosine kinases, had no influence on radia- 
tion-induced apoptosis in BM13674 cells. Fur- 
ther evidence for a multiplicity of pathways is 
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TABLE 11. Effect of Inhibitors on Radiation-Induced Apoptosis*jt 

Enzyme activity Increase in 
in irradiated radiation-induced 

Inhibitor Concn. Target cells (%I apoptosis 
- Calmidazolium 10 pM Ca2+ /calmodulin-dependent protein kinase I1 2 

KN-62 5 p M  Ca2+ /calmodulin-dependent protein kinase I1 73 
CKI-7 50 p M  Casein kinase I 55 
ML-9 50 pM Myosin light chain kinase ND - 

w-7 30 pM Calmodulin - 

H-7 6pM PKA 2 + 
Na3V0, 100 pM Tyrosine phosphatases - 

- 

- 

PKC 63 

Genistein 30 pg/ml Tyrosine kinases (pp60c-src) 71 
- 

- 

*The radiation dose used was 10 Gy; determinations were made 4 h postirradiation. 
TKN-62, l-[n~0-bis(5-isoquinolinesulfonyl)-N-methyl-~-tyrosyl- 4-phenylpiperazine; W-7, N-(6-aminohexyl)-5-chloro-l- 
naphthalenesulfonamide; CKI-7, N-(2-aminoethyl)-5-chloroisoquinoline-8-sulfonamide; ML-9,l-(5-chloronaphthalenesulfonyl)- 
1H-hexahydro- 1,4-diazepine; H-7, l-(5-isoquinolinylsuIfonyl)-2-methylpiperazine. 
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Fig. 7. Effect of H-7 on y-radiation-induced apoptosis in EM13674 cells. Cells were pretreated 
with H-7 for 1 h before exposure to y-radiation (10 Cy). Percentage of apoptotic cells was 
determined by microcopic examination after 0-, 2-, 4-, and 6-h incubation. The results represent 
the mean 2SD of three separate experiments. 

derived from the results with rat thymocytes 
where increased levels of CAMP, by activating 
PKA, stimulate DNA fragmentation characteris- 
tic of apoptosis [McConkey et al., 19901. On the 
contrary, in BM13674 cells inhibition of PKA 
caused an enhancement of radiation-induced 
apoptosis. Furthermore, forskolin failed to cause 
apoptosis or enhance the extent of apoptosis in 

BM13674 cells exposed to heat or ionizing radia- 
tion [Baxter and Lavin, 19923. Our results sug- 
gest that radiation-induced apoptosis proceeds 
regardless of the status of PKA since inhibition 
of PKA on its own does not result in apoptosis. 
However, when PKA is reduced in irradiated 
cells, an additional component of protection is 
removed, resulting in increased levels of apopto- 
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Time( h) after i r radiat ion 

Fig. 8. Effect of a variety of inhibitors on y-radiation induced apoptosis in BM13674 cells. 

sis. This suggests that a residual level of PKA 
activity has an opposing effect to a radiation 
driven pathway of apoptosis, and, given the ob- 
servations described here and by Baxter and 
Lavin [1992], increasing the level of PKA with 
CAMP or forskolin would not be expected to 
alter the process. The results obtained here are 
in good agreement with those supporting a role 
for serinelthreonine phosphatases in apoptosis 
[Baxter and Lavin, 1992; Song and Lavin, 19931, 
since PKA regulates the activity of these phos- 
phatases by phosphorylating targeting subunits 
and specific inhibitors [Cohen, 19923. However, 
since it is likely that several pathways are in- 
volved in apoptosis, the generality of these obser- 
vations requires testing in other cell lines. 

The overall picture emerging is that apoptosis 
can be induced without de novo protein synthe- 
sis in human cells and protein kinases and phos- 
phatases participate in the pathways involved. 
The signal transduction pathways are complex 
and display differences between various cell types 
and tissues. This might explain the different 
effects seen at the gene regulation and posttran- 
scriptional levels by the same agents causing 
apoptosis in these systems. In the study de- 
scribed here ionizing radiation was the inducing 
agent. Hallahan et al. [1991] and Uckun et al. 

[1992,1993] have shown that tyrosine phosphor- 
ylation is an important proximal step in the 
radiation-induced activation of the PKC signal- 
ing cascade in lymphocyte precursors. It appears 
that ionizing radiation triggers one or more 
tyrosine kinases that initiate a cascade involving 
serinel threonine kinases and ultimately changes 
at the level of DNA. There is also evidence for 
the activation of a phosphatase in Schizosaccha- 
romyces pombe, which after exposure to ionizing 
radiation appears to activate wee1 kinase to bring 
about mitotic delay by phosphorylating cdc2 ki- 
nase [Rowley et al., 19921. No doubt there exist 
parallels between the radiation-activated path- 
ways in cells undergoing apoptosis and in those 
where death is characterized by more necrotic 
type changes. A more detailed understanding of 
radiation activation of existing proteins as well 
as gene induction will be of value not only in 
describing mechanisms of radiosensitivity but 
also in the changes that occur during apoptosis. 
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