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ABSTRACT

Activation of the human GADD4S gene by ionizing radiation (IR) has
previously been shown to be dependent on the tumor suppressor and
transcription factor p53 (M B. Kastan, et a!., Cell 71: 587â€”597, 1992).
Unlike GADD4S, the response ofother DNA damage-inducible genes to IR
is not dependent on p53 based on the observation that induction in a panel
of cell lines did not correlate with a normal p53 status; this included
human GADDJ53, another member of the gadd (growth arrest and DNA
damage Inducible) group; MyDJ18, a gene related to GADD45; and the
protooncogenes c-jun and c-fos. This p53-dependent response of GADD4S
was further investigated in human cells with halogenated pyrimidines,
which act as radiosensitizers when incorporated Into cellular DNA. When
cellular DNA contained halogenated pyrimidines such as iododeoxyuri
dine (IdUrd), GADD45 y-ray induction, as measured by increased mRNA,
was enhanced. Rapid induction could be seen with doses as low as 0.5 Gy,
and substitution with IdUrd resulted in nn approximately 2-fold increase
In induction over a wide dose range. This level of IdUrd substitution
produced a similar fold increase in cellular radiosensitivity and has been
shown previously (T M. Kinsella et ci., InL J. Radiation Oncology Biol.
Phys. 13: 733â€”739,1987) to produce a similar fold increase in DNA strand
breaks after IR Considering that substitution with halogenated pyrimi
dines would be expected to have little effect on other cellular targets after
IR, these experiments indicate that actual damage to DNA, primarily
strand breaks, is a major signal for the activation of this p53-dependent
pathway that Is required for GADD45 induction and for activation of the
G1 â€œcheckpointâ€•cell cyde delay.

INTRODUCTION

The tumor suppressor p53 is a sequence-specific transcription fac
tor involved in the control of cell growth; the inactivation of wt p53,
either by deletion, mutation, or certain viral or cellular proteins,
increases the susceptibility to malignant transformation (1). In addi
tion to its established role as a tumor suppressor, recent studies
indicate that both the protein level and transcriptional activity of p53
can be increased rapidly in response to a variety of DNA-damaging
agents (2â€”5).Cells incurring DNA damage induced by IR3 exhibit
delays at the G1 and G2 phases of the cell cycle, and the G1 delay has
been shown to be dependent on wt p53 status and function (3, 6). One
potential consequence of this G1 checkpoint is increased time to repair
damaged DNA prior to DNA synthesis and replication with a resultant
decrease in genomic instability after genotoxic stress (2). Since mu
tations in p53 abolish its transactivation ability, it is likely that wt p53
initiates the G1 checkpoint through sequence-specific DNA binding to
one or more â€œdownstreamâ€•effector genes, such as the GADD45 (3) or
the recently described WAFI (7) genes.

The GADD45 gene was originally isolated from Chinese hamster
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ovary cells on the basis of rapid induction by UV radiation and has
often shown coordinate induction with the four other gadd genes after
exposure to a variety of agents producing high levels of base damage
in DNA (8). In addition to the response to base-damaging agents and
certain other stress-rebated growth arrest treatments, the human
GADD45 gene has been found to be IR inducible (9). Interestingly,
this IR induction has been shown to be transcriptionally regulated by
the tumor suppressor p53 protein, probably via a p53-binding site in
the third intron of GADD45 (3). Based on current evidence that
appreciable y-ray induction of GADD45 is strictly dependent on the
normal p53 status and that this induction and activation of p53 protein
are reduced in ataxia telangiectasia cell lines (9) lacking the normal IR
G1 checkpoint, GADD45 may very well be one of the downstream
effector genes for p53 that contributes to the activation of this G1
checkpoint after IR.

With the exception of GADD45, the role for p53 in the control of
other DDI genes is uncertain. The regulation of a second member of
the gadd gene group, GADDJ53, has many similarities with GADD45.
For example, it has been shown to be strongly and coordinately
induced by base-damaging agents, such as UV radiation and alkylat
ing agents, in all mammalian cells tested (reviewed in Ref. 10); in

human lymphoblasts it was also found to be weakly inducible by IR
(9).GADD153hasrecentlybeenfoundtoencodeanewmemberof
the CIEBP family of proteins, which are involved in multiple cellular

responses including differentiation (1 1). Another gene, MyDJJ8, also
has important similarities to GADD45; this gene is a member of the
MyD (myeboid differentiation response) gene group, which is also
growth arrest inducible. The MyD1 18 protein is 75% similar and 57%
identical with Gadd4S; its transcript has also been found to be induc
ible by alkylating agents (12). Like other MyD genes, MyDJI8 is part

of the immediate-early response to myeboid differentiation in the
murine Ml myeloblastic leukemia cell line (13). A variety of studies
have demonstrated that certain oncogenes, growth factors, and cyto
kines can be induced by IR (14â€”16).Such genes are associated with
many different cellular processes including signal transduction,
growth control, intercellular signaling, and some protective responses.
Increased levels of c-jun and c-fos mRNA have been observed in
several cell types treated with IR, and these responses are mediated, at
least in part, at the transcriptional level (15, 16). It is clear that the
responses of DDI genes to IR in mammalian cells are complex and
involve multiple control mechanisms (17). The role of p53 in many of
these responses remains to be determined. Therefore, we have inves
tigated induction of c-jun, c-fos, MyDJ18, and GADD153 following
IR in a series of human cell lines with differing p53 status.

A central issue in understanding genotoxic stress responses is what
signals can trigger them. In addition to DNA, other cellular targets
may be affected by DNA-damaging agents including IR. In the case
of c-jun induction by UV radiation, the earliest detectable step has
been the activation of the Src tyrosine kinase, followed by activation
of Ha-ras and Raf-1 (18, 19). This has led to the suggestion that the
starting point for the pathway induced by UV damage is localized in
or near the cell membrane (18). In the case ofNFi8 activation by UV
radiation, induction has been found in enucleated cells, which mdi
cates that the initial signal is damage to some cytoplasmic or mem
brane target (20). In contrast to c-jun and NFKB activation by UV
radiation, chromosomal DNA would appear to be the most likely
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Table 1 Effect of ionizing irradiation on the expression of various DNA damage-inducible genes

Human cells were treated with 20 Gy of ionizing radiation. Relative values for samples harvested 4 h after treatment compared with untreated
quantitative dot-blot hybridization assay.controls

weredeterminedbyFold

increase in relativemRNACell

line Cell type p53 statu? GADD45 GADD153MyDJJ8c-junc-fosNormal

p53functionML-1
Myeloid leukemia wt/wt 21.3 4.4 0.9

RKO.cpâ€• Colorectal carcinoma wt/wt 2.8 1.1 0.513.7 0.52.4CU2-OS

Osteosarcoma wt/wt 2.8 1.01.21.6AG1522
Skin fibroblast wt/wt 3.71.82.11.2MG536
Normal lymphoblast wt/wt 10.7 1.11.01.0nd@@W138
Lung fibroblast wi/wI 2.41.11.11.2Abnormal

p53functionHL-60
Myeloid leukemia â€”Iâ€” 1.2 3.71.116.34.6KGla
Myeloid leukemia mut/â€” 1.0 1.71.01.5RKO.me
Colorectalcarcinoma wt/wt, mut 1.5 0.8 1.3

VA13 Lung fibroblast ?, 540â€• 1.40.80.91.0Raji
Lymphoid leukemia wi/mut 0.70.8

y-RAY RESPONSES OF DNA DAMAGE-INDUCIBLEGENES

target that triggers the response beading to p53 activation and
GADD45 induction, considering that DNA strand breaks are probably
the major toxic lesion produced by IR and that the target theory
indicates that only very barge macromolecules are â€œhitâ€•by biologi
cabbyrelevant doses ofIR (discussed in Ref. 17). One approach to help
distinguish DNA from non-DNA targets for IR induction is the use of
the habogenated pyrimidine radiosensiti.zers, such as IdUrd and Br
dUrd. The primary effect of habogenated pyrimidines in cellular DNA
would be expected to be an increase in DNA breaks by interaction of
the halogen with radiation products such as hydroxyb radicals (dis
cussed in Ref. 21). Following incorporation into cellular DNA, halo
genated pyrimidines have been shown to enhance the radiation re
sponse in both bacteria and mammalian cells. For example, cellular
radiosensitivity and the production of DNA single-strand and double
strand breaks are all increased in irradiated cells containing IdUrd or
BrdUrd (22). Since little additional effect would be expected on other
cellular components by IR in cells containing halogenated pyrimi
dines incorporated in their DNA, the use of such radiosensitizers
should provide useful information concerning whether cellular DNA
is an important IR target that triggers GADD45 induction.

Here we report that the pattern of IR responses of GADD45 differs
from the other DDI genes c-jun, c-fos, MyDI18, and GADD153 in a
panel of cells with known p53 status. Only GADD45 induction cor
related with normal p53 function. Moreover, -y-ray induction of
GADD45 was enhanced by pretreatment of cells with IdUrd. These
results indicate that the cellular response to IR is complex, probably
involving multiple regulatory mechanisms, and that the p53-mediated
GADD45 response is triggered by IR damage to cellular DNA.

MATERIALS AND METHODS

Cells and Cell Treatment. The human lymphoblastcell line GM0536,
obtained from the Coriell Institute for Medical Research, and ML-1 cells (2)

were grown in RPMI medium supplemented with 10% fetal bovine serum.
Exponentially growing cells were exposed in complete medium to IdUrd or
BrdUrd (Sigma) at i05 M for two population doublings (48 h for lympho
blasts and 40 h for ML-1 cells)(22). One h priorto irradiation, the medium was
replaced with fresh medium lacking halogenated pyrimidines. Cells were
irradiated with a 137(@source at 5.0 Gy/min at 37Â°C.Other cell lines were
maintained in culture and treated with IR as previously described (2, 3).

cDNA Clones. The following cDNA clones were used: pHulB2, a nearly
full-length human GADD4S clone (23); pHul75, a human GADDJ53 clone
(9);MyD118,amurinecloneprovidedbyD.Liebermann(13);RSV-CDNA,

a human c-jun clone provided by Des. R. Gottlieb and M. Karin; and a 40-base
pair oligonucleotide with antisense orientation to a portion of the first trans
lated exon of the c-fos gene (Oncogene Science).

RNA Isolation and Analysis. Cells were lysed in 4 M guanidine thiocya
nate, and total cellular RNA was isolated by the Chomczynski method (24).

Poly(A) RNA was prepared as described previously and dot blotted directly
onto Nytran membranes (Schleicher and Schuell) at eight 2-fold dilutions for
each sample (25). The dot blots were then hybridized at high stringency to
cDNA probes as described previously (25). Probes were labeled by the random
primer-labeling method with the exception of the c-fos probe which used
[â€˜y-32PJATPand T4 kinase (25). Blot membranes were scanned using a Beta
scope blot analyzer (Betagen Inc.). The relative poly(A) content of each RNA
sample in the dot-blot analyses was estimated by using a labeled polythymi
dylic acid probe (9, 25, 26); this correction was small and usually varied by

<25%.

Survival Assay. A microtiter clonagenic survival assay suitable for the

analysis of cells growing in suspension was carried out as described previously
(27). Briefly, the lymphoblastoid cells were treated with IdUrd at i0@ M for
two doublings prior to IR and then serially diluted in half-log steps using
complete medium as diluent. A selected diluted cell suspension (200 gil) was
placed in each of the 24 flat-bottom wells of a covered 96-well microtiter plate
(Costar Corp.). Three dilutions (20, 66, and 200 cells/well) were used per plate.
The plates were placed in an incubator at 37Â°and 5% CO2. After 10â€”14days
the wells were examined microscopically for cell growth and scored as positive

or negative. Finally, survival was calculated with the Poisson formula on the
basis of the fraction of wells in which cells had not proliferated (27).

RESULTS

Relationbetweenp53Statusand 7-rayInductionof DDIGenes
in Various Human Cell Lines. We previously found that appreciable
increases in GADD45 mRNA 4 h following IR only occurred in cells
with normal p53 status (3). As summarized in Table 1, all of the cells
with normal p53 function showed induction of >2-fold for GADD45;
all that were tested have previously been shown to have an IR-induced
G1 checkpoint (3). In contrast, the lines with abnormal p53 function
have been shown to lack both appreciable (<2-fold) GADD45 induc
tion and the G1 checkpoint (3). As noted in Table 1 and previously (3),
p53 function was blocked by different mechanisms in these lines, e.g.,
HL-60 cells lack both p53 alleles, while others express dominant
negative mutant p53 either due to mutations in the endogenous gene
or due to the introduction of a recombinant vector-expressing mutant
p53 (RKO.m). In the case of the VA13 line, p53 action was blocked
by viral T-antigen.

a The p53 status in the human lines used here was quoted from previous work (3). wt, wild type; mut, mutation.

b Polyclonal population, transfected with control vector lacking p53 gene insert (6).

C When not determined, the position was left blank.

d nd, not detectable by dot-blot or Northern blot analysis of poly(A) RNA.

e Clonal population, transfected with a mutant p53 expression vector [RKO.p53.13 (6)].

1Lung fibroblast transformed with simian virus 40.
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v-RAY RESPONSES OF DNA DAMAGE-INDUCIBLE GENES

Normalp53 Function Abnormal p53 Function
I I I

level peaked 4 h after irradiation and markedly decreased by 10 h even
with this very high y-ray dose. These results demonstrate that
GADD45 induction after IR is a transient response and would be
consistent with a role in some transient response that is mediated
through p53.

Effect of the Radiosensitizer IdUrd on GADD4S Induction. As
discussed previously, IR produces damage to a variety of cellular
targets and the possibility exists that damage to a target other than
DNA activates the p53 pathway beading to GADD45 induction. In
order to determine whether DNA damage, particularly strand breaks,
is a major target for â€˜y-rayinduction of GADD45, IdUrd was used to
enhance bR-induced DNA damage. Prior to irradiation, IdUrd was
added to cells for two doubling times and then removed; this level of
substitution has been previously shown to produce an approximately
2-fold increase in IR-induced DNA single-strand and double-strand
breaks (22). As shown in Fig. 3 and Table 2, IdUrd resulted in an
approximately 2-fold increase in GADD45 mRNA levels at many
y-ray doses in both ML-1 cells and lymphoblasts. The enhancement of
GADD45 induction occurred at all 4 doses (0.5-40 Gy) in ML-! cells
(Fig. 3A). In the human lymphoblast line (Fig. 3B), a similar enhance
ment was seen but induction appeared to plateau when the mRNA
levels reached approximately 9- to 10-fold over that of unirradiated
cells. Considering that IdUrd was only present in celbular DNA, a
reasonable conclusion is that enhanced DNA damage, primarily strand
breaks, triggered the increase in GADD45 induction.

The dose of IdUrd used in Fig. 3 and Table 2 resulted in a 23%
replacement of thymidine by IdUrd in hamster cells with a resultant
increase in y-ray DNA strand breakage and cellular radiosensitivity
(22); similar results were also found with BrdUrd. To determine

whether the treatment of cells with IdUrd (Fig. 3) had produced a
similar level of IdUrd replacement and sensitization, cbonagenic sur
vivab was determined with a microtiter plate method, which is more
suitable than standard colony survival assays for cells growing in
suspension (see â€œMaterialsand Methodsâ€•).The relative survival for
lymphoblasts exposed to iO@ M IdUrd and 10 M BrdUrd for two
doublings is plotted in Fig. 4; substitution with habogenated pyrimi
dines produced a clear increase in radiation lethality. For example
with IdUrd, survival at 2.5 Gy decreased from 23.6% in unsubstituted
cells (designated â€œTdRâ€•)to 3.2% in treated cells, as well as from
3.8â€”0.43% at 5 Gy. At 10 Gy, survival was approximately 1% in
unsubstituted cells, while it was <0.1% in cells containing IdUrd.
Similar results were found with BrdUrd. The enhanced radiosensitiv
ity shown in Fig. 4 with IdUrd was similar to that observed previously
(22) where DNA strand breakage was increased approximately 2-fold.

RKO AG1522 HL-60 KGIa

Fig. 1. Induction of transcripts from various
DNA damage-inducible genes in cells with known
p53 status. Human cells with normal or abnormal
p53 phenotypes were treated with 20 Gy of IR.
Poly(A) RNA from untreated(C) and @y-irmdiated
(rnl')human cells were isolated 4 h postirradiation
and hybridized with the indicated 32P-labeled
cDNA probes. Successive dilutions of RNA sam
ples were blotted for analysis (see â€œMaterialsand
Methodsâ€•),but only blots containing 0.4 @g
poly(A)RNAareshown.

The same panel of cell lines was examined by quantitative dot-blot
hybridization using probes for additional DDI transcripts (Fig. 1,
Table 1). As shown for representative lines in this Fig. 1, the expres
sion of these genes was variable and induction did not correlate with
normal p53 status with the exception of GADD45. Results are sum
marized for all the lines tested in Table 1. As discussed earlier,
GADDJ53, like GADD45, hasbeenfound to be strongly inducedby
UV radiation and alkylating agents; however, y-ray induction of
2-fold or more only occurred in one p53 wt line, ML-1, and one line
lacking normal p53, HL-60. No evidence for appreciable induction by
IR was seen for the GADD45-related gene MyDJJ8. In the case of the
immediate-early genes and transcription factors c-jun and c-fos, the
strongest induction again was seen in ML-1 and HL-60, and no
correlation with p53 status was found. The expression of c-fos was
particularly variable in the different lines and could not be detected in
lymphoblast lines with normal p53 status4 (Table 1). In the case of
ML-1 cells, another difference between GADD45 and others was the
finding that a 4-h treatment with the phorbob ester 12-O-tetrade
canoybphorbol-13-acetate, which commits these cells to terminal dif
ferentiation (27) and which is a known activator of a variety of

membrane and cellular kinases, produced an increase in GADD1S3,
c-jim, and c-fos transcripts but not GADD45 mRNA (data not shown).
These results highlight the complexity of the cellular responses that
can occur after IR and important differences in the regulation of
GADD45 compared to other DDI genes.

Dose-Response and Time Course of Induction to lB.. Even
though both GADD45 and GADDJ53 induction was detected in the
ML-1 line after 20 Gy, further analysis was carried out to compare the
induction of these 2 genes at different doses. As shown in Fig. 2A, an
appreciable increase in GADD45 mRNA was seen with doses as low
as 0.5 Gy, which produces little cell lethality. The magnitude of
GADD4S induction, as measured by mRNA bevels, was approxi
mately proportional to dose and reached 20-fold with the highest dose
4 h after irradiation. The magnitude of GADD153 induction was
appreciably less than that of GADD45, which differs from the re
sponse to alkylating agents where GADDJ53 induction is usually at
beast as great as GADD45 (9, 10). Another difference was that appre
ciable GADDJ53 induction was only detected at the very toxic doses
of 10 or 20 Gy. In contrast, GADD45 was induced at biologically
relevant doses at which the G1 checkpoint is also induced (6).

The duration of GADD45 induction was measured in ML-1 cells
after 20 Gy (Fig. 28). Induction was rapid and transient. The mRNA

4 A. J. Fornace, Jr., Q. Zhan, and I. Alamo, unpublished data.
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Table 2 Effect of IdUrd on y-ray induction ofGADD45Human
cells were treated with IdUrd at i0@ M for two cell doubling times priortoy-irradiation.

Quantitative dot-blot analysis was performed on poly(A) RNA prepared 4hafter
irradiation and hybridized with the human GADD45 cDNAprobe.â€•Dose

(Gy)Cell

line Treatment 0 0.5 2 510ML-l

y-ray 10b 2.2 3.4 7.911.6@y-ray+IdUrd
1.1 3.8 7.1 12.720.7Lymphoblast

rny-ray 1.0 2.1 2.2 5.79.2y-ray+IdUrd
1.2 2.9 4.6 10.5 8.9

10 15 20

y-RAY RESPONSES OF DNA DAMAGE-INDUCIBLEGENES
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20
A. B.

GADD45 GADD4515

C
0
4-U
@0
C

Fig. 2. Dose-response and time course of induc
tion in ML-1 cells after y-irradiation.A, cells irradi
ated with the indicated doses and harvested 4 h later;
quantitative RNA-dot blot analysis using GADD45
or GADDJ53 probes was performed on poly(A)
RNA samples (see â€œMaterialsand Methodsâ€•).B,
same analysis performed at the indicated times after
20 Gy.

10

0 2 4 6 8 10 0 2 4 6 8 10

expression of the other DDI genes compared to GADD45 in our panel
of cell lines (Table 1) highlights the complexity of the IR responses in
mammalian cells and indicates important differences in the regulation
of these genes after IR. As discussed earlier, p53 protein is rapidly
induced in irradiated cells having normal p53 status and probably
functions as a transcription factor to activate downstream effector
genes such as GADD45. The fact that induction was enhanced by the
radiosensitizer IdUrd supports the conclusion that IR damage to
chromosomal DNA acts as an important signal to activate this p53-
dependent pathway. Since IdUrd was removed from the medium prior
to irradiation, it would be expected to have little effect on other
cellular targets. The conclusion, that DNA strand breaks can trigger
this pathway, is also supported by the recent fmdings that treatment
with strand-breaking agents or the direct electroporation of nucleases
into p53 wt cells causes an induction of p53 protein (29). In addition,
induction of GADD45 mRNA at most y-ray doses in 2 different p53
wt cell lines was similar to the enhancement in radiation lethality (Fig.
4) and DNA strand breakage (22) with this concentration of IdUrd.
For example, approximately half the IR dose was required to produce
comparable levels of GADD45 induction, radiosensitivity, and DNA
strand breaks in cells substituted with IdUrd versus unsubstituted

a Data derived from Fig. 3.

b Results are fold increase in relative mRNA and were determinated as in Table 1.

Interestingly, GADD45 induction was also increased approximately
2-fold (Fig. 3).

DISCUSSION

In this report, the -y-ray induction of GADD4S, which occurs by a
p53-dependent mechanism, has been further investigated. Unlike sev
crab other DDI genes, appreciable IR responsiveness for GADD45 was
strictly dependent on the cells having normal p53 function. The varied

20

15

10

5

0

C
0

U
@0
C

Fig. 3. GADD4S mRNA levels after y- irradia
tion in human cells treated with IdUrd. ML-1 cells
(A) and lymphoblasts (B) were treated with IdUrd
at 10@ M for approximately two cell doublings
prior to @y-irradiation.Cells were harvested 4 h after
irradiation and hybridized with the human GADD45
probe as in Fig. 2.
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v-RAYRESPONSESOF DNA DAMAGE-INDUCIBLEGENES

checkpoint activated by IR either directly or perhaps through interac
tion of some sort with the WAFJ (7) gene product, although these
possibilities remain to be explored. Prolonged increased Gadd4S
expression would presumably be deleterious because of its growth
inhibitory effect.

The response of the other DDI genes shown in Fig. 1 and Table 1
highlight the complexity of the cellular responses to IR. Initial results
with GADD153 and IR were surprising considering that this gene
usually showed strong and coordinate induction with GADD45 after
treatment with a variety of other DNA-damaging agents and stresses
beading to growth arrest (9). As reviewed elsewhere (10), gadd gene
regulation is complex and involves multiple mechanisms including
the IR response of GADD4S, the gadd gene response to other geno
toxic agents such as UV radiation and alkylating agents, a slower gadd
gene response to certain other growth arrest stresses, and a posttran
scriptional response to base-damaging agents for the 5 gadd gene
transcripts. Considering the clear differences between the response of
GADD153 and GADD45 shown in Figs. 1 and 2A, induction of the
former gene is probably by a different mechanism. Induction of
GADD153 in ML-1 cells was only seenat very cytotoxic doses;in
addition, appreciable GADDJ53 induction also occurred in the p53-
deficient HL-60 line with a dose that we have found induces apoptosis
by 4 h after irradiation.4 In the murine Ml myeboid line which lacks
normal p53 function, gadd gene induction often occurred with treat
ments that resulted in apoptosis soon after the induction of these genes
(12). This Like GADD153, c-fos, and c-jun induction also was strong
in the HL-60 line (as well as in the ML-1 line). This raises the
possibility that events leading to apoptosis may trigger these 3 genes
after IR, while GADD45 induction can occur after irradiation with

doses producing little cytotoxicity in cells with normal p53 function.
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Fig. 4. Relative clonagenic survival for lymphoblastoid cells treated with halogenated
pyrimidine analogs. Exponentially growing cells were treated with IdUrd (U) or BrdUrd
(A) at i0@ M for two doublings and subsequently irradiated; samples containing unsub
stituted DNA are indicated as â€œTdRâ€•(â€¢).A microtiter clonagenic survival assay was
performed as described in â€œMaterialsand Methods.â€•

cells. Thus, these studies and other recent studies (29) support the
conclusions that damaged DNA, particularly DNA strand breaks, can
act as a signal to trigger activation of the p53-dependent pathway that
induces GADD45 and that the mechanism for GADD45 induction has
important differences from that of several other commonly studied
DDI genes.

In spite of the relatively low lesion frequency for IR compared to
other commonly used DNA-damaging agents, this genotoxic agent
can apparently affect multiple cellular targets and elicit multiple
responses. For example, a 5-Gy â€˜y-raydose reduces cbonagenic sur
vival >10-fold even though it produces only about 1 â€œhitâ€•per i09 Da
in aerated cells. In the case of cellular DNA, this dose produces
approximately one single-strand break per 1.3 X 106 base pairs and
only 5% as many double-strand breaks; in contrast, a dose of UV-C
radiation with comparable toxicity produces more than one pyrimi
dine dimer per 5 x 10@base pairs (17, 22). While chromosomal DNA
would appear to be the most likely target for IR because of its large
size, biologically relevant doses of IR rapidly activate extranuclear
responses; e.g., both tyrosine kinase(s) (30) and protein kinase C (31)
have been found to be very rapidly induced by IR. The cytoplasmic or
membrane target(s) for IR that triggers these responses is uncertain,
but it would appear that mitochondrial DNA is an unlikely target
because of its small size (<2 X iO@base pairs). Our results with IdUrd
argue strongly that a mechanism exists to rapidly detect actual IR
damage to chromosomal DNA and activate a p53-dependent signaling
pathway. Interestingly, caffeine has been found to block p53 activa
tion by IR (2) and to also block GADD45 induction.4 Since caffeine
is known to interfere with DNA damage processing (discussed in Ref.
31), an early step in some DNA repair (DNA damage recognition)
process may actually trigger this p53 pathway.

As shown in Figs. 2 and 3, IR induces a rapid and transient
induction of GADD45 which would be consistent with a role in a
transient process such as the p53-dependent G1 cell cycle delay.
Appreciable induction was seen at biologically relevant doses at
which the G@ checkpoint also occurs (6). Recent studies with
GADD45 expression vectors indicate that overexpression of Gadd4S
protein inhibits cell growth (12). Therefore, a transient induction of
this gene by IR might be expected to contribute to the temporary G@
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