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Abstract 

Early responses of mammalian cells to ionizing radiation include the 
activation of a protein kinase C implicated in the regulation of gene 
expression, the stimulation of tyrosine kinase activities, and the enhance- 
ment of phosphatidylinositol turnover. In the present report we show that 
clinically relevant doses of V-radiation (2 Gy) stimulate phosphatidylcho- 
line hydrolysis in human squamous carcinoma cells. Radiation induced the 
accumulation of intracellular [3H]choline and the simultaneous increase in 
[3H]myristoyl-phosphatidic acid, followed by a small increase in the levels 
of [3H]myristoyl-diacylglycerol. Furthermore, in the presence of ethanol, 
"y-radiation stimulated the appearance of [32p]phosphatidylethanol, an 
indicator of phospholipase D transphosphatidylation activity. These data 
demonstrate for the first time that phospholipase D activation participates 
in signaling pathways in response to ~/-radiation. 

Introduction 

Activation of early cell signaling events has been recently reported 
among the multiple biological responses to ionizing radiation. The 
stimulation of protein-tyrosine kinases leading to enhanced phospha- 
tidylinositol turnover has been shown to occur in irradiated human 
lymphocytes (1, 2). PKC 4 activity has been induced following ioniz- 
ing radiation in HL-60 cells (3). This enzyme has been implicated in 
radiation-mediated induction of early gene expression (JUN, EGR1) 
in the human squamous carcinoma-derived cell line SQ-20B (4), and 
other cellular systems (3, 5). 

Recent studies suggest that formation of PA by phospholipase D- 
catalyzed hydrolysis of PC is a novel transmembrane signaling path- 
way in mammalian cells. Phospholipase D activation leads to the 
generation of PA and, subsequently, to production of DAG (6, 7). In 
the present report we show that ionizing radiation is able to promote 
PC breakdown in human squamous carcinoma cells, resulting in the 
rapid accumulation of radiolabeled PA, a product of phospholipase D 
action that serves second messenger functions (6-10). Our data dem- 
onstrate that ionizing radiation mediates the stimulation of phospho- 
lipase D activity and contribute to understand some of the pleiotropic 
effects of ionizing radiation on cellular physiology. 

Materials  and Methods 

Cell Culture, Metabolic Labeling, and Radiation Treatment. The radia- 
tion resistant cell line SQ-20B, established from a human squamous cell 
carcinoma of head and neck origin (11, 12), was the generous girl of Dr. R. R. 
Weichselbaum. Cells were maintained in medium consisting of 75% DMEM 
and 25% Ham's nutrient mixture F-12 (GIBCO-BRL, Grand Island, NY), 5% 
fetal bovine serum, 100 units/ml penicillin, and 100 /xg/ml streptomycin, at 
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37~ in a 5% CO2 atmosphere. Cells (5 • 105) were labeled in 2 ml of culture 
medium with 2 ~Ci/ml of [3H]choline (specific activity, 80.0 Ci/mmol) or 
[3H]myristic acid (specific activity, 30.7 Ci/mmol) (New England Nuclear) for 
24 h, and equilibrated for 2 h in label-free DMEM without serum prior to 
irradiation. 32p-inorganic phosphate labeling (specific activity, 9000 Ci/mmol) 
(New England Nuclear) (80 p~Ci/ml) was performed for 4 h in phosphate-free 
DMEM (GIBCO-BRL). When the formation of [3Zp]phosphatidylethanol 
(phospholipase D phosphatidyltransferase activity; EC 3.1.4.4) was assayed, 
cells were incubated after labeling in DMEM containing 1% v/v of ethanol for 
10 min before irradiation. Cells were irradiated in serum-free DMEM with 2 
Gy using an AECL Theratron 80 6~ source at a dose rate of 1.66 Gy/min. 

Extraction and Characterization of Lipids and Aqueous Choline Me- 
tabolites. All incubations were terminated, at different time intervals, by 
removal of the medium and addition of 2 ml of methanol-10 mM glycine, pH 
3.0 (5:2 v/v). [3H]Choline or [3H]myristic-labeled lipids and aqueous [3H]- 
choline metabolites were purified by silica gel TLC and quantitated as previ- 
ously described (13). [3H]Myristoyl DAG was separated in TLC plates that 
were developed once in hexane:diethyl-ether:methanol:glacial acetic acid 
(90:20:3:2, v/v) and the radioactivity incorporated in DAG was measured as 
described (13). PEt was separated from other 32p-labeled phospholipids using 
a solvent containing chloroform:methanol:glacial acetic acid (65:15:2, v/v) 
(Rf:0.54) (14). A PEt standard was prepared from egg lecithin as previously 
described (15). Radioactive PEt was visualized by exposing dried TLC plates 
to x-ray film (Kodak) and quantitated by extraction from the silica gel plate and 
scintillation counting. Standards were visualized with iodine vapors. All treat- 
ments were performed in triplicate and results were reproduced in several 
independent experiments. Statistical analysis was done using Student's t test. 

Results and Discussion 

In the present report we demonstrate that ionizing radiation, at 
doses described to modulate other cell signalling pathways (1, 2), is 
able to promote PC breakdown. [3H]Choline-labeled SQ-20B cells 
were irradiated with 2 Gy (dose rate of 1.66 Gy/min) of 3,-rays and 
[3H]PC levels were quantitated at different times after treatment. As 
shown in Fig. 1A, the levels of [3H]PC were markedly reduced at 1 
min postirradiation (88.5% of control), decreasing after 5 min to 
83.3% of the levels determined in unirradiated cells. To further char- 
acterize the effects of ionizing radiation on PC breakdown, the levels 
of aqueous [3H]choline-labeled metabolites were measured in treated 
and control cells. As represented in Fig. 1B, while there were no 
significant changes in [3H]phosphocholine or [3H]glycerophospho- 
choline, the levels of [3H]choline increased markedly as early as 30 s 
after radiation exposure. 

PC breakdown was assessed also by labeling this phospholipid with 
[3H]myristic acid, a saturated fatty acid preferentially incorporated in 
PC (16, 17). While there was a pronounced decrease in [3H]myristoyl 
PC levels, equivalent to the effect seen when labeling with [3H]- 
choline (data not shown), a marked increase in [3H]myristoyl PA was 
observed (Fig. 2A). [3H]Myristoyl PA levels started to increase im- 

mediately after irradiation, reached three times the control levels at 15 
min, and went up to 3.6 times at 30 min. PA generation was accom- 
panied by a small (26% above basal levels) and transient accumulation 
of [3H]myristoyl DAG (Fig. 2B). DAG production was not detected 
until 5 min after irradiation and returned to control levels thereafter. It 
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Fig. 1. Time course of ionizing radiation induced changes in [3H]choline-PC levels (A) 

and aqueous [3H]choline-labeled metabolites (B): choline (IS]), phosphocholine (A), glyc- 
erophosphocholine (I) after exposure of metabolically labeled SQ-20B cells to ionizing 
radiation. Data are expressed as percentile change relative to the label found in unirradi- 
ated samples (100%; t = 0). Values are given as the mean _+ SEM. 
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Fig. 2. Radiation effects on the levels of [3H]myristoyl PA (A) and [3H]myristoyl DAG 

(B). Data are presented as the percentile change of the label at different times after 
treatment, relative to values found in unirradiated samples (100%; t = 0). Values are given 
as mean --_ SEM. Asterisk, P < 0.05. 

is possible that this transient increase in DAG may be due to partial PA 
dephosphorylation by PA phosphohydrolase (EC 3.1.3.4) (18). 

Taken together these results strongly suggested that a type D phos- 
pholipase may be involved in radiation-induced PC breakdown. To 
test this hypothesis, SQ-20B cells were labeled with 32p, exposed to 
the same dose of radiation in the presence of 1% ethanol (v/v), and 
assayed for the production of [32PIPEt. Under these conditions phos- 
pholipase D-catalyzed transphosphatidylation is the primary source of 
PEt, with de  novo  or base-exchange pathways being minor contribu- 
tors to PEt synthesis. Although this phospholipase D assay does not 
exclude directly other PEt synthetic pathways, it is widely considered 
as diagnostic for phospholipase D activation (15, 19, 20). As shown in 
Fig. 3, whereas [32p]PEt was not synthesized in unirradiated controls, 
in irradiated cells there was a rapid and progressive accumulation of 
[32PIPEt. Moreover, the synthesis of PEt occurred in parallel with the 
formation of choline and PA, and at a similar rate. This concomitant 
generation of choline and particularly of PA, which is not a product of 

base-exchange reactions, strongly supports that PEt synthesis is pre- 
dominantly the result of phospholipase D activation. Thus, our find- 
ings demonstrate that ionizing radiation promotes phospholipase D 
activation and strongly suggest that this phospholipase may be re- 
sponsible for the hydrolysis of PC observed in our experimental 
system. 

Hydrolysis of PC is a well characterized response to many physi- 
ological and pharmacological agents, likely to be involved in their 
cellular effects. Several mechanisms have been proposed to regulate 
phospholipase D activity. This enzyme may be stimulated in response 
to PKC activation (6, 7), Ca 2+ mobilization (21), tyrosine phosphory- 
lation (14, 22), and other factors (6). It has been demonstrated that 
ionizing radiation stimulates PKC activity (3), protein tyrosine phos- 
phorylation, and phosphatidylinositol turnover (2), signals that could 
account for the observed phospholipase D activation. In addition, PKC 
activity has been shown to mediate x-ray inducibility of nuclear signal 
transducers EGR1 and JUN in SQ-20B cells (4), and its inhibition 
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Fig. 3. Rate of formation of [32p]PEt in 32p-la- 
beled SQ-20B cells after irradiation. A, autoradiog- 
raphy of a TLC chromatogram showing 32p-labeled 
phospholipids from unirradiated (t = 0) or irradiated 
samples at different times after treatment. B, quan- 
titation of the changes in [32p]PEt content in irradi- 
ated ((3) or unirradiated (e) samples. Values are 
given as mean ___ SEM. 
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leads to e n h a n c e d  rad ia t ion- induced  cell  k i l l ing  in these  cells  (23). In 

this context ,  our  f ind ing  that  c l in ical ly  re levant  doses  o f  7- radia t ion  

induced  phospho l ipase  D act iv i ty  subs tan t ia l ly  adds  to the unders tand-  

ing o f  h o w  ion iz ing  rad ia t ion  s ignals  its mul t ip le  ef fects  on  cel lular  

func t ions  and ident i f ies  phospho l ipase  D as a nove l  radia t ion  target  

w h i c h  can be used  in r isk a s sessmen t  p ro toco ls  for  h u m a n  radia t ion  

exposure .  
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