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Molecular responses to genotoxic stress are complex and are mediated by a variety of regulatory pathways. One 
key element in cellular response is the stress gene transcription factor p53, which can regulate nearly 100 genes 
that have already been identified. Although p53 plays a central role in the cellular response to DNA-damaging 
agents such as ionizing radiation (IR), other pathways can also have important roles. One example is the tran
scriptional responses associated with IR-induced apoptosis, where induction of some genes is limited to p53 
wild-type (wt) cells that also have the ability to undergo rapid apoptosis after irradiation. In contrast, other genes 
are triggered after IR in lines undergoing rapid apoptosis regardless of p53 status. From this and other examples, 
it is apparent that the pattern of stress gene expression is cell type specific in both primary and transformed 
lines. The premise will be developed that such differences in stress gene responsiveness can be employed as 
molecular markers using a combination of informatics and functional genomics approaches. An example is given 
using the panel of lines of the NCI anticancer drug screen where both the p53 status and sensitivity to a large 
collection of cytotoxic agents have been determined. The utility of cDNA microarray hybridization to measure 
IR-stress gene responses has recently been demonstrated and a large number of additional IR-stress genes have 
been identified. The responses of some of these genes to IR and other DNA-damaging agents varied widely in 
cell lines from different tissues of origin and different genetic backgrounds, highlighting the importance of 
cellular context to genotoxic stress responses; this also highlights the need for informatics approaches to discover 
and prioritize hypotheses regarding the importance of particular cellular factors. The aim of this review is to 
demonstrate the utility of combining an informatics approach with functional genomics in the study of stress 
responses.

Ionizing radiation p53 Microarray Genotoxic stress

REMARKABLE progress has been made over the 
last decade in our understanding of the molecular re
sponses to ionizing radiation (IR) and other types of 
genotoxic stress. Before then (3,20), the prevailing 
opinion was that mammalian cells lacked inducible 
responses to DNA damage, whereas in simpler eu
karyotes, early studies in yeast (45) indicated com
plex responses to genotoxic stress, involving up to 
1% or more of the yeast genome. More recently, an 
increasing number of genes have been found to be 
induced in mammalian cells by DNA-damaging 
agents including IR, and the list of such genes now

numbers in the hundreds (7,19,21,27,64). As shown 
in Table 1, mammalian genotoxic stress genes have 
been associated with a variety of cellular processes. 
In some cases, such as for genes with roles in DNA 
repair and virus activation, one could argue that the 
responses are specific for genotoxic stress. Many 
stress-induced genes, however, appear to be more 
general responses to cell and tissue injury. In addi
tion, many stress-induced genes, such as growth fac
tors, cytokines, and many oncogenes, overlap with 
genes involved in other physiologic signaling pro
cesses. For example, the “UV response” (26) in
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TABLE 1
GENERAL CATEGORIES OF GENOTOXIC-RESPONSIVE GENES

Growth control 
Apoptosis associated 
“UV response”
Immediate-early genes—transcription factors and oncogenes
Inflammation and tissue injury
Oxidant stress responses
DNA repair
Hypoxia inducible
Viral genes
[Ah] receptor gene battery 
Heat shock protein related

volves induction of the immediate early genes c-fos 
and c-jun , genes involved in a variety of physiologic 
processes.

Although a variety of important signaling mecha
nisms can be activated by genotoxic stress, p53 has 
been described as the universal sensor of genotoxic 
stress (32). It can be activated by a wide spectrum 
of DNA-damaging agents as well as other stresses, 
including hypoxia and nutrient starvation (2,29). 
As outlined briefly in Fig. 1, the activation of p53 
is primarily posttranslational and probably involves 
specific phosphorylation (48,49), acetylation (24), 
and perhaps other modifications. The signaling events 
leading to these changes are the focus of intense 
ongoing investigation, but the ATM protein is

clearly involved in the case of IR. A variety of other 
kinases, including members of the MAPK pathway
(28,29), are likely to have roles in stress signal trans
duction to p53.

Following its activation, p53 has been shown to 
function as a sequence-specific transcription factor. 
The total number of p53 binding sites in the human 
genome has been predicted to be between 200 and 
300 (53), and the number of known p53-regulated 
genes is approximately 100, many with roles in a va
riety of important cellular processes (Fig. 1). In many 
cases, these genes appear to have opposing roles. Pre
sumably, such competing signals play a role in limit
ing the duration of the particular response (e.g., 
Mdm2 blocks the action of p53 itself) (38). It should 
also be noted that many stress genes, like CIP1/  
WAF1 and GADD45 (22,72), can be induced by p53- 
independent mechanisms after exposure to stresses 
such as UV radiation and other base-damaging 
agents, whereas their responsiveness to IR is primar
ily p53 dependent (72). p53 may also contribute to 
the activation of other stress pathways by upregulat- 
ing certain components of these pathways. In the case 
of cell surface receptors such as DR5 (65), Fas (39), 
or EGFR (13), increased expression by p53 could 
conceivably lead to activation in the absence of li
gand with resultant triggering of apoptotic signaling 
or the MAPK pathway. More recently, evidence has 
been presented that p53 can also contribute to the

MMS and other DNA 
Base-Damaging 

Starvation 
Hypoxia 

other stresses

GADD genes 
CIP1/WAF1 

PCNA
many others

DNA strand breaks, other DNA damage, certain other stresses

*
ATM Gene product -► other functions

\
Increased p53 Protein _► other functions

' \
Effector aenes _

growth control : p53, CIP1/WAF1, GADD45, WIP1, IGF-BP3, RB,, 74-3-3 
TGF-B2, inhibin-B, MDM2, EGF-R, PCNA, TGF a ,  ClnG, ClnDl

apoptosis: p53, BAX, FAS1, DRS, seven in absentia„ PAG608, BCL-)
TRiD/TRAIL3, TRUNDD, IGF-BP3

angiogenesis : TSP1, BAH, thrombospondin 2
growth factors : Neuroleukin, EGF, CSF-R, CSF-1 
inflammation:: Type IV coilagenase, amyloid 
oxidative stress : PIG1 to 14, p85
DNA repair: PCNA, p53, GADD4S, CIP1/WAF1, p46 (UV-DDB)
other: wigl, GML, FRA1, ATF3

Repressed genes
MAP4 (microtubule assoc, prof.), FK506-binding protein 25, B CL2, bFGF

FIG. 1. The p53 transcriptional pathway. A simplified scheme is shown for genes regulated by p53. In some cases, such as for G A D D 4 5  
(28), C I P 1 /W 1 P 1  (17), and M D M 2  (5,38), p53 binding sites have been identified in regulatory regions of these genes; the inclusion of others, 
such as P I G !  to P I G 1 4  (43), is based on induction by p53 expression vectors.
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increased expression of the stress genes GADD45 
(71) and WIP1 (Appella, personal communication), 
by indirect binding via protein-protein interactions 
rather than direct DNA binding. An important impli
cation of these recent observations is that p53 may 
contribute to the induction of an even larger number 
of genes than originally predicted (53).

MOLECULAR RESPONSES TO 
IONIZING RADIATION

Unlike many other types of DNA-damaging 
agents where the lesion frequency is much greater, 
IR causes little S phase delay at biologically relevant 
doses, and with the exception of interphase death in 
apoptosis-susceptible cells, cell death from IR ap
pears to be due primarily to errors in mitosis caused 
by relatively infrequent double strand breaks (dsb) 
(15). In most cell types, cytogenetic studies have re
vealed a variety of chromosomal aberrations follow
ing irradiation, and often a correlation between the 
frequency of chromosomal aberrations and cell kill
ing (25). It was originally believed that aberrations 
leading to cell death were mostly those associated 
with the loss of essential gene function. It has re
cently been shown in yeast, however, that a single 
persistent dsb in an artificial chromosome, which 
contained no essential genes, resulted in cell lethality 
(6). These results suggest that a chromosome break, 
presumably caused by an unrepaired or misrepaired 
dsb, can lead to cell death by an as yet undefined 
signaling pathway, or perhaps simply by disruption 
of the mitotic machinery. Considering the size of the 
mammalian genome and the low frequency of radia
tion-induced dsb, these issues have been difficult to 
resolve. For the majority of cells, most of the radia
tion-induced cell lethality appears to be caused by 
mitosis-linked loss of replicative ability. This mito
sis-linked loss of cell viability can culminate in frank 
necrosis, apoptosis, or sometimes a senescent appear
ance (15,59). This form of cell death can be distin
guished from the more rapid onset of apoptosis in 
noncycling lymphocytes, thymocytes, and hemato
poietic cells, which have been shown to undergo an 
interphase mode of apoptotic cell death without pro
gressing through mitosis (2).

Perhaps due to the unique properties of DNA 
strand breaks and the relatively low lesion frequency 
compared to other DNA-damaging agents (19,27,50), 
molecular responses to IR can differ from those to 
base-damaging agents. For example, activation of 
MAPK-related signaling mechanisms by agents like 
UV radiation probably contributes much of the re
sponse to these agents (22,32), whereas activation of 
these pathways by physiologic doses of IR is often

much less (see below). In addition, CIP1/WAF1 and 
GADD45 show a universal responsiveness to base
damaging agents in mammalian cells, whereas in 
most cases their IR responsiveness is strictly p53 de
pendent. As shown in Fig. 2, appreciable induction 
of CIP1/WAF1 and GADD45 by even a high dose of 
IR was primarily seen only in human tumor lines 
with wt p53 (37). It should be noted that tumor lines 
have a myriad of genetic abnormalities compared to 
untransformed cells; nonetheless, the correlation with 
p53 status is striking (62).

APOPTOSIS AND RADIATION 
STRESS RESPONSES

Whereas cellular context is often a factor in deter
mining the signaling responses triggered by IR, rapid 
apoptotic responses occur in only a limited number of 
cell types, such as those of the myeloid and lymphoid 
lineages. A variety of signaling pathways, including 
p53, the sphingomyelin pathway, and the MAPK 
pathway (2,27,58), are probably involved in IR apop
tosis. IR also triggers the rapid activation of a variety 
of tyrosine kinases (54) with possible roles in apop
totic signaling. For example, Bruton’s tyrosine kinase 
has been shown to mediate radiation apoptosis in the 
chicken DT-40 lymphoma line (55).

One characteristic outcome of the apoptotic sig
naling pathways is chromatin cleavage in intemucleo- 
somal linker sites that produces a typical DNA lad
dering pattern as seen on standard agarose gels. This 
hallmark of apoptosis can typically be observed 
24-48 h after irradiation of apoptosis-susceptible 
cells (73). At earlier times, however, DNA is cleaved 
into fragments of 50 kbp and larger, which can be 
detected by pulse field gel electrophoresis (36). A 
convenient and quantitative approach to detect these 
larger molecular weight cleavage products is with a 
simple adaptation of the alkaline/neutral elution ap
proach; cells are deposited on an inert filter and then 
lysed in detergent at neutral pH. DNA fragments of 
approximately 100 kbp and less flow through the fil
ter in the lysis solution, whereas the higher molecular 
weight DNA is retained. Within several hours of irra
diation of myeloid or lymphoid cells, substantial 
cleavage could be detected using this approach (73). 
For example, more than 75% of the cellular DNA 
showed cleavage within 4 h of irradiation of HL-60 
myeloid cells, clearly demonstrating that IR-induced 
apoptosis can occur rapidly and in interphase cells.

The ability to undergo rapid apoptosis also corre
lated with gene induction in a variety of human cell 
lines, as shown in Table 2. The p53-regulated genes 
BAX and BCL-X were induced only in cell lines that 
underwent rapid apoptosis, whereas induction of
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wt p53
§ |  mutant p53

FIG. 2. Degree of y-ray responsiveness of the G A D D 45  and CIP1/W AF1  genes in tumor lines from the NCI screen. The relative increase 
in mRNA levels compared to that in untreated cells was determined in the lines of the NCI anticancer drug screen following a 4-h incubation 
after 20 Gy. Data are taken from O’Connor et al. (36) and only lines with known p53 status have been included. Lines with wt p53 genotype 
are designated in red, and lines containing mutant alleles in green. A value of 1 (designated by the dotted lines) indicates no change (no 
induction) from that of untreated controls.
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TABLE 2
GENE RESPONSES TO IONIZING RADIATION

G A D D 4 5 C IP 1 B A X B C L - X M C L 1 G A D D 1 5 3 G A D D 3 4 c - J U N

Cell lines with normal p53 function
Apoptosis + + + + + + + +
No apoptosis + + - - - - - -

Cell lines with defective p53
Apoptosis* - - - - + + + +
No apoptosis - - - - - - - -

Induction, as measured by increased mRNA levels 4 h after IR, was determined in various human lines with wild-type or 
deficient p53 status and whether ionizing radiation induced a rapid apoptotic response as determined by filter elution (67-69,72,73), 
which detects high mw (approximately 50 kbp) DNA cleavage. The results were then separated into the four groups shown above. 
+ indicates appreciable induction whereas — does not.

* G A D D 4 5  and C I P l f W A F l  sometimes showed a weak response in a p53-deficient myeloid line (HL-60) undergoing apoptosis.

GADD45 and CIP1/WAF1 occurred in all the p53 wt 
lines. Other immediate-early genes, such as MCL1, 
GADDI 53, GADD34, and c-JUN were induced re
gardless of p53 status but only in those cells where 
rapid apoptosis was also triggered. These results may 
indicate an “apoptotic proficiency” factor that chan
nels the stress response signal toward apoptosis in 
specific cell types. c-JUN induction reflects activa
tion of the SAPK portion of the MAPK pathway, and 
there are numerous other associations between 
MAPK activation and apoptosis in irradiated cells 
[discussed in (7,15,63,66)]. For example, IR triggered 
activation of SAPK in thymocytes, whereas dexa- 
methasone did not, despite the fact that both cause 
rapid apoptosis (52). Thus, the SAPK pathway may 
contribute to an IR-specific signal transduction path
way in some cells. The nature of the “apoptosis profi
ciency” factor(s) shaping stress responses is uncer
tain, but recent results suggest that early event(s) in 
the caspase cascade itself could be involved, because 
overexpression of Bcl2 in a lymphoid line was shown 
to blunt p53 transcriptional responses after IR (74).

USE OF RADIATION STRESS RESPONSES AS 
MOLECULAR MARKERS

Considering the heterogeneous responses of differ
ent cell lines to genotoxic stress, and the cross-talk 
between the many molecules we currently know to 
be involved, transcriptional stress responses can be 
considered a type of molecular marker that may be 
used to characterize different cell types and lines. In 
the case of cancer treatment, such molecular marker 
“fingerprints” will probably prove to have clinical 
utility in designing customized therapy for individual 
tumors (62). Both from standard molecular biologic 
techniques and newer functional genomic approaches 
(see below), an increasing number of such molecular 
markers have been described. Sophisticated pattern 
analysis and database mining methods, coupled with

informatics systems, are also being developed to di
gest the results of these database-sized experiments. 
One example of such a database-intensive approach 
is the National Cancer Institute’s antineoplastic drug 
screen panel (23,34,35,37,40,41,44,51,56). This is a 
collection of 60 human tumor cell lines that have 
been characterized with respect to over 300 molecu
lar markers measured as individual gene mutations, 
mRNA expression patterns, protein expression pat
terns, or activity. For instance, there was a striking 
correlation between p53 status and IR induction of 
C1P1/WAF1, GADD45, and MDM2 (36). As shown 
in Fig. 2, strong induction of CIP1AVAF1 correlated 
closely with wt p53 expression, with only one excep
tion. In the case of this one exception, the basal ex
pression was substantially lower than that of the p53 
wt lines, meaning that the induction in absolute terms 
was low compared to induction in the p53 wt lines. 
(The ordinate in Fig. 2 represents expression in irra
diated cells relative to that of untreated controls, not 
absolute levels.) More information can be gained 
from this study by comparing the basal expression 
of CIP1/WAF1 mRNA in unirradiated lines; again, 
expression was substantially higher in the p53 wt 
lines compared to the p53 mutant lines (Amundson 
et al., manuscript in preparation).

Similar results were obtained for GADD45 (Fig. 2) 
when again only the p53 wt lines showed substantial 
induction. However, in contrast to the finding for 
CIP1AVAF], a substantial number of p53 wt lines did 
not fall within the strongly induced category and 
showed responses similar to those of the p53 mutant 
lines. This subset of GADD45 response-deficient 
lines, which were primarily melanomas, showed a 
substantial perturbation in p53 responsiveness, in
cluding an apparent compensatory prolonged induc
tion of CIP1/WAF1 (4). To consider the possibility 
that this attenuated expression of GADD45 after 
stress may affect chemosensitivity, the p53 wt lines 
with normal GADD45 responsiveness were compared
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to the subset with deficient responsiveness (Fig. 3A). 
An initial analysis of the National Cancer Institute 
Anticancer Drug Screen (61), using a set of 141 
agents with well-defined mechanisms of action, indi
cated that the sensitivity to topoisomerase inhibitors 
was significantly less in this subset compared to the 
other lines having a wt p53 genotype (8). The initial 
study was then expanded to encompass the approxi
mately 43,000 compounds that had been tested in the 
NCI screen at the time of this analysis. The com
pounds were divided into three groups for compari
son: one group composed of 421 Top2 (topoisomer
ase II) inhibitors [identified using the COMPARE 
computer program (40,41)], another of 167 Topi (to
poisomerase I) inhibitors (identified as camptothecin 
analogues), and the other of a very diverse remaining 
group of agents. Because these lines are not isogenic 
and many variables affect the actual sensitivity, Pear
son correlation coefficients were calculated using the 
levels of GADD45 induction as one variable and cy
totoxicity as the other. A Wilcoxon rank sum test 
showed that sensitivity to compounds in both of the 
topoisomerase inhibitor groups was greater in the 
subset of p53 wt cells that showed normal GADD45

normal GADD45
VS.

deficient GADD45
response response
10 lines 6 lines

B.
400 Top2-correlating 

compounds

0 -1 .2 .3 .4 .5 .6 .7 .8 .9 1.0
Wilcoxon one-tailed p-value

FIG. 3. A clue to Gadd45 function by use of an informatics ap
proach. (A) Six of 16 lines with functional p53 were found to 
show deficient y-ray induction of G A D D 4 5  in the NCI screen. (B) 
Wilcoxon rank sum test was used to determine whether individual 
compounds tested were more active in cell lines with competent 
G A D D 4 5  induction (p-value = 1) or more active in cell lines with 
deficient G A D D 4 5  induction (p-value = 0); results are shown for a 
selection of COMPARE-identified topoisomerase II inhibitors (8). 
(C) Results for the remainder of the database of tested compounds.

induction than for the case with the bulk of other 
compounds tested in the screen (p < 0.0001). This in
dicates that higher GADD45 expression after stress 
correlated with enhanced sensitivity to Topi and 
Top2 inhibitors. To more clearly show the difference 
in sensitivity for this subset of p53 wt lines, the Wil
coxon one-tailed p-values are shown in Fig. 3 where 
the sensitivity to specific agents was compared to 
whether or not the cell line was a member of this 
subset. For 400 Top2 inhibitor-type compounds the 
p -values clustered near 1 whereas an essentially ran
dom distribution of p-values was seen for 43,000 
other compounds. As presented in Carrier et al. (8), 
this finding was an important lead to the elucidation 
of a role of Gadd45 in chromatin maintenance and 
accessiblity. It is presented here to illustrate the 
power of an informatics approach to gain basic mech
anistic insight as well as more applied information of 
potential clinical usefulness.

FUNCTIONAL GENOMICS APPROACH TO 
STRESS GENE ANALYSIS

Genotoxic stress responses are too complex to be 
analyzed solely by the classic reductionist approach 
to molecular biology, whereby genes are analyzed in
dividually. Modem integrative “omic” (60) ap
proaches are necessary if we are to clarify our under
standing of the many factors interacting in the p53 
and other stress response pathways. Techniques for 
obtaining expression data simultaneously for thou
sands of genes, potentially even for the entire ge
nome, are becoming more readily accessible. Com
bined with the informatics methods discussed earlier, 
these approaches may allow us to unravel the path
ways of stress signal transduction, and may help 
identify the determinants of cell fate following DNA 
damage in different cell types. New techniques, in
cluding serial analysis of gene expression (SAGE), 
oligonucleotide microarrays, and cDNA microarrays, 
are being developed to obtain expression profiling in
formation for thousands of molecular targets in a sin
gle experiment. SAGE allows comparison of relative 
mRNA abundance in any two samples (57). For ex
ample, SAGE has been used to study p53 as a tran
scriptional activator, identifying around 30 transcripts 
apparently induced by p53 expression after very high 
transient expression of p53 via an adenoviral vector
(43). SAGE analysis of rat embryo fibroblasts ex
pressing temperature-sensitive p53 yielded 14 tran
scripts induced by wt p53 and 3 downregulated by 
p53 (33). An advantage of the SAGE technique is 
that it does not require previous identification of 
genes or representation of sequence in any database.
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This could be crucial if some genes of interest are 
not expressed under nonstressed conditions, as EST 
collections are derived primarily from libraries made 
from untreated cells. A disadvantage is that a thor
ough analysis requires sequencing of several hundred 
thousand sequence tags, making routine analysis of 
multiple samples prohibitively expensive.

Another functional genomics approach that has 
been applied to the study of p53 and stress response 
is cDNA microarray hybridization (16,46,47). This 
method requires some preexisting sequence informa
tion, usually in the form of EST clones. It has been 
successfully applied to characterization of gene ex
pression patterns in human cancers (14), and studies 
are under way to use this technique to characterize 
expression patterns of the cell lines in the NCI-Anti- 
cancer Drug Screen for up to 10,000 genes (P. O. 
Brown, personal communication). The methodology 
employed in this approach is shown schematically in 
Fig. 4. Briefly, each target or spot on the microarray 
contains DNA from a single cDNA clone; it is hy
bridized with fluorescent-labeled cDNA probes pre

pared from the RNA of control or treated (irradiated) 
cells. Because many stress genes encode low abun
dance transcripts that are frequently induced only 
several fold (19), its application requires sensitivity 
to measure both weak signals (low abundance tran
script) and small changes in gene expression. Sub
stantial progress has made in this regard recently [dis
cussed in (16)]. For example, the DeArray program 
(12) has been developed to identify targets by image 
segmentation, to calibrate relative ratios, and to de
velop confidence intervals for testing the significance 
of the ratios obtained even for small differences in 
relative expression.

In our laboratory, we are applying cDNA hybrid
ization technology to the study of molecular re
sponses to IR and other DNA-damaging agents. For 
our initial studies, we chose the human ML-1 my
eloid line (30) based on our previous experience in 
many different cell lines. Unlike some of the other 
functional genomics studies discussed earlier, activa
tion of signaling pathways, such as for p53, em
ployed the cells’ normal response mechanisms to IR,

FIG. 4. Schema for analysis of ionizing radiation-inducible genes by cDNA microarray hybridization. The black wavy lines represent mRNA 
from untreated control and irradiated ML-1 cells. Labeled cDNA is synthesized from this mRNA by a single round of reverse transcription 
to produce the complex probe for hybridization. Targets for the array are prepared by PCR amplification of inserts from EST clones. These 
are printed onto glass slides using a robotic print head, and the control (green) and irradiated (red) cDNA probes are mixed and hybridized 
to the microarray. The slide is then scanned and analyzed with a fluorescent reader (1,14,18,46).
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and no recombinant vectors were utilized (1). This 
p53 wt line undergoes rapid apoptosis after high-dose 
IR and has shown induction of a broad range of genes 
(see Table 2). As shown in Fig. 5, induced genes 
(red) such as C1P1/WAF1 and JUN-B as well as re
pressed genes (green) such as c-MYC could be de
tected. Relative induction or repression ratios, as cal
culated with the DeArray program (12), are shown in 
Fig. 6 for results with a 1238 member array (1.2K 
chip) consisting of a selected collection of EST se
quences including many implicated in cancer biol
ogy. Several conclusions can be drawn from these 
initial studies (1). First, IR responses in this line are 
quite complex, involving many genes related to a va
riety of cellular processes such as growth control 
(e.g., CIP1/WAF1, GADD45, MDM2, c-MYC), apop
tosis (e.g., FAS, IAP-1, BCL-X), cell signaling (e.g., 
ATF3, RELB, FRA1, c-FOS, JUN-B), and DNA me
tabolism (e.g., TOP2 and DNA ligase III). Second, 
even low abundance transcripts could be detected 
(e.g., we estimated that the expression of some of 
these genes in untreated cells was 1CT5). Third, there 
were surprisingly few false positives; of the 19 tran
scripts measured by quantitiative single probe hybrid
ization, only one did not show a change in expression 
of twofold or more. Finally, the estimate of relative 
gene expression after IR compared to unirradiated

cells employing the DeArray program agreed in the 
majority of cases with results from quantitiative sin
gle probe hybridization (see http://rex.nci.nih.gov/ 
RESEARCH/basic/lbc/fomace.htm for more details). 
In particular, 68% of the transcripts examined 
showed less than a twofold difference in relative ex
pression as determined by the two approaches. In 
other cases a difference in results greater than two
fold was observed due to signal compression for the 
values determined by microarray hybridization; the 
cause for this is currently under investigation but ap
pears to be sequence related.

Our expectation is that cDNA microarray hybrid
ization will be a valuable high-throughput approach 
to the analysis of stress gene responses. In addition 
to the results shown in Fig. 6, preliminary results for 
several other stress gene studies are also summarized 
in Table 3. Although not a DNA-damaging agent, 
hypoxia does trigger p53 induction and is an impor
tant variable in radiotherapy. As shown in this table, 
a very large fraction of the genes tested showed al
tered expression with this treatment. Our initial IR 
studies with the 1.2K chip used a high dose of IR to 
search for rapidly induced genes. Important issues are 
whether such responses occur at more biologically 
relevant doses of IR, such as those used in cancer 
treatment, and whether there are more prolonged or

MYC

CIP1/WAF1

JUN-B

FIG. 5. Example of cDNA microarray hybridization. Results are shown employing RNA from untreated control ML-1 cells (green fluoro- 
chrome) and ML-1 cells 4 h after treatment with 137Cs y-rays (red fluorochrome) (1). Targets appearing as yellow spots have equal representa
tion of both fluorochromes and indicate no change in expression by the IR treatment. Red spots, such as CIP1AVAF1 and JU N -B , are targets 
increased by the treatment, and green targets, such as M YC , are decreased.

http://rex.nci.nih.gov/
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FIG. 6. Ionizing radiation-responsive genes as determined by cDNA microarray hybridization. Relative changes in gene expression for 
irradiated ML-1 cells were estimated using the DeArray program (12) for results with a 1,238 member cDNA array (1).

late IR responses, which could potentially provide 
biomarkers for environmental exposure. To address 
these issues, a larger 5K chip was used with a lower 
dose of IR. As shown in the last two rows of Table 
3, a substantial number of genes responded both 
acutely (3 h) and at a later time (24 h) after IR. More 
than 10 years ago it was estimated that 1% or more 
of the yeast genome may be responsive to genotoxic 
stress (45); our results with IR indicate that a compa
rable fraction of the human genome may also be re
sponsive to genotoxic stress.

THE IMPORTANCE OF CELLULAR CONTEXT 
IN GENOTOXIC STRESS RESPONSES

One advantage of the cDNA microarray approach 
is that it has allowed us to identify a large number of 
human genes that were not previously known to be 
IR responsive or, in many cases, genotoxic stress re
sponsive. To further investigate the importance of 
cellular context, nine of these newly identified IR- 
responsive genes along with three known IR-respon- 
sive genes were studied in a panel of human lines

TABLE 3
SUMMARY OF RESULTS FOR MICROARRAY ANALYSIS OF STRESS RESPONSES

Array* Targets Treatments Inducedf Reduced^ 99% Conf.§

1.2K chip 1238 20 G y+ 4 h 38 11 0.63-2.37
1238 6 h hypoxia 135 19 0.51-2.47
1238 24 h hypoxia 202 8 0.55-2.38

5K chip# 5408 2 Gy + 3 h 67 21 0.68-2.32
5408 2 Gy + 24 h 161 26 0.69-1.89

Results are summarized for microarray hybridizations conducted in ML-1 cells. Many of the results for rows 
1 and 3 have been verified by quantitative single-probe hybridization.

*Two different microarrays (chips) used contained only limited overlap in the genes represented.
fThe number induced refers to cDNA clones showing significant induction (> 99% confidence).
$For cDNA clones showing a significant reduction, values are shown for those having at least a twofold 

reduction in expression compared to untreated cells; all these values exceeded 99% confidence.
§Values represent range of relative expression of irradiated sample compared to untreated control (e.g., only 

targets showing an increase in the relative mRNA level of 2.37-fold or more were scored as induced in the 
first row).

#Preliminary results with larger microarray are shown, but have not been verified by single-probe hybridiza
tion.
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p53 wild type
ML-1

Molt4

A549

MCF7

RKO

IR 0.6 1.1 1.1 1.4 1 .7 1.2 1.8 0.8 1.1
MMS 0.8 0.5 1 .9 o .s l 20.01 1.2 1.4 0.8 1 .1

UV 0.8 0.6 1.5 0.61 0.6 1.5 0.5 1.4
1.8 9.5 m U u 1.6 1.0 0.6 1 .1 1.1
0.6 4.8 1 .4 22.01 0.8 1.3 0 .9 0.9
1.5 24.7 1.0 3.91 0.5 1.2 1 .0 1.0

IR
MMS

UV
p53 mutant
CCRF-CEM .5 3.8

0.8 0.8 0.8
1.8
0 .7

RKO-E6

T47D

0 .9
1.2

HL60 IR 0.5 6.2 8.3 3.2 1.0 5 .2 |T i | 2 .2 IT i l 2.0 0.5
MMS 0.9 1.1 1.3 9.4 1.2 1.7 0.9 0 .813.6 5.9 0.7

K562 IR 0.7 1.4 1.2 1.6 0.9 1.0 1.1 1.3 1,0 1.2 1.4 1.0
MMS 1.0 1.7 1.2 0.8 37.0 | 0.9 0.8 0.8 1,3 1.2 1.8 0.9

H1299 IR 0.7 0.7 0 .7 | 2.1 1.0 1.3 BET 1.1 0.9 1.0 1.3 1,1
MMS 0.9 0.7 0.6 1.0 21.0 0.5 1.9 0.9 0,7 0 .6 | 6.3 0.9

UV 0.6 0.6 0,5 1.2 3.8 0.5 3 .8 | 0.7 0.8 2.2 1.5
IR m 0.5 mm 1.4 ...3 .8 4.61 1.4 1.0 1.6 1.5 1.3

MMS 1.3 1.1 0.8 1.1 0.8 1.3 0.8 0.9 2.3 0.7
UV 1.0 0,7 0.7 EC __0 .5 0.6 0.7 0.9 0.5 2.8 1.0
IR 0.7 1.8 0 4.8 1.5 1.6 1.9 1.1 0.9 0.8 2.2 0.7

MMS 0.8 0.8 0 1.6 38.0 1.5 0.7 0.8 0.9 0.7 3.9 0.8
UV 1.1 1.3 0 1.9 3.5 1 3.3 | 0.5 1.2 0.9 2.7 0.8

FIG. 7. Responsiveness of transcripts identified by cDNA microarray hybridization in a panel of human tumor cell lines. Numbers shown 
are the relative induction or repression for each gene over levels in untreated controls 4 h after treatment with ionizing radiation (IR), methyl 
methanesulfonate (MMS), or ultraviolet (UV) radiation as measured by quantitative single-probe hybridization; data are taken from Amund
son et al. (1). The results are color coded: red for > twofold induction, green for > twofold reduction, and yellow for < twofold change from 
untreated control. A zero indicates no detectable expression in either control or treated cells.

following exposure to IR or to the base-damaging 
agents methylmethane sulfonate (MMS) or UV radia
tion (1). The cell lines used in this comparison in
cluded six lines of myeloid-lymphoid lineage [ML-1 
(myeloid), Molt4 (lymphoid), SR (lymphoid), CCRF- 
CEM (lymphoid), HL60 (myeloid), and K562 (my
eloid)], two lung cancer lines (A549 and H I299), two 
breast carcinoma lines (MCF7 and T47D), and the 
colon cancer line RKO along with its derivative 
transfected with E6 (RKO/E6), which blocks p53 
function (70). Quantitative single probe hybridization 
analysis was carried out in independent experiments

on the cell lines indicated in Fig. 7. In the case of 
ML-1 cells, all showed IR responsiveness, indicating 
the reproducibility of the earlier experiments. Many 
genes were not responsive to MMS in ML-1 cells, 
however, suggesting that the regulation of these 
genes may have some radiation-specific features. 
Striking differences were found between ML-1 and 
the other cell lines (Fig. 7). Lor example, many of 
the p53 mutant lines showed little induction by IR, 
and K562 showed no appreciable change in expres
sion for any of the genes after IR. Consistent with its 
ability to trigger multiple stress pathways (2,19,27),
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MMS was able to induce, or in the case of RCH1 
repress, a variety of genes in different cell lines. The 
most wide-ranging response was seen for activating 
transcription factor 3 (ATF3) (31), which was in
duced by both MMS and UV radiation in all cell lines 
tested. ATF3 has previously been shown to be in
duced by serum stimulation, to 12-0-tetradeca- 
noylphorbol-13-acetate (9), and by physiological 
stresses such as wounding, CC14 and alcohol intoxi
cation, ischemia/reperfusion, and brain seizure (10). 
With such a strong and pervasive response, ATF3 is 
likely to play an important role in generalized geno- 
toxic stress responses.

The response patterns in Fig. 7 may hold clues to 
the stress regulation of these genes. For instance, the 
effect of the p53 status of a cell on its ability to in
duce CIP1/WAF1 (17,72) and MDM2 (11,42) in re
sponse to IR has been well documented. This effect 
is reflected in the weak to absent IR induction of 
these two transcripts in p53 mutant cell lines in this 
panel compared to the clear IR induction in all p53 
wt lines examined. Although not so widely induced, 
FRA-1 showed a similar pattern in that it was not 
induced by IR in any of the p53 mutant lines in this 
panel. Similarly, the fivefold IR induction of ATF3

in RKO was attenuated in the RKO/E6 cell line, al
though some IR induction was seen among the other 
p53 mutant cell lines. These results raised the possi
bility that the IR induction of FRA-1 and ATF3 may 
involve a p53 regulatory component. This premise 
was subsequently confirmed in isogenic systems in
cluding in vivo irradiation of p53 wt and p 5 3 -/-  mice 
(1). As isogenic models are developed for other stress 
regulatory pathways, similar approaches may help to 
decipher the mechanistic basis for the heterogeneity 
of the responses seen in Fig. 7.

Even the relatively modest window onto the com
plexity of cellular stress response presented here 
should make clear the need for high-throughput mea
surements coupled with sophisticated analysis tech
niques for the meaningful interpretation of stress re
sponse pathways. Mammalian cells appear to have 
evolved many redundant mechanisms for directing 
and responding to stress signals. Some pathways may 
be active only in certain cell types, whereas some 
mechanisms have likely been disrupted in trans
formed cells. The application of functional genomics 
techniques to systems with defined genetic differ
ences will generate data of challenging complexity 
and great potential value.
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